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Abstract
The development of the critical-angle transmission (CAT) grating seeks both an order
of magnitude improvement in the effective area, and a factor of three increase in the
resolving power of future space-based, soft x-ray spectrometers. This will enhance
further studies of the universe’s make-up, such as the composition of the intergalactic
medium, black holes, neutron stars and other high energy sources. Conceptually,
x-rays are reflected in the device off nanoscale silicon grating bars at shallow angles,
such that the diffraction orders are at the specular reflection angle, which is designed
to be less than the critical-angle for total external reflection. This blazing effect
boosts the efficiency of the device; however, the grating bars are required to form
very deep channels to reflect all the incoming x-rays at shallow angles. Previous
attempts to fabricate the grating were done with wet potassium hydroxide (KOH)
etching of silicon. This process successfully fabricated small areas of grating and
enabled a successful demonstration of the soft x-ray diffraction efficiency. However,
the open-area fraction was limited to below 20 percent for four micron-tall CAT
grating bars due to diagonal etch stops in the silicon crystal lattice. This limitation
prevents the past fabrication technique from achieving the desired open-area fraction
for a future x-ray observatory.
New nanofabrication techniques are presented that can lead to CAT gratings with
an open-area fraction in excess of 50 percent. Specifically, three major nanofabrication
processes were developed and are described in detail; a two-dimensional, thermal,
silicon dioxide mask, an integrated plasma-etch process to create free-standing, ultra-
high aspect ratio gratings, and a polishing process to smooth the grating sidewalls.
The two-dimensional mask was used to develop a record-performance deep reactive-
ion etch (DRIE) for ultra-high aspect ratio gratings. The mask is the integration of
a 5 micron and 200 nanometer-pitch grating into a single layer of 300 nanometer-
thick thermal silicon dioxide. It spans 5 centimeters on a side, with vertical sidewalls,
and is cleanable which enables consistent high quality etches. Experiments with
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chrome and polymer masking materials for DRIE are also presented. The DRIE was
critical for the integrated process, which combined two plasma-etch processes on the
front and back side of a silicon-on-insulator wafer. DRIE is not significantly affected
by the silicon crystal orientation and therefore avoids the open-area restrictions of
wet etching. The result of the process was a free-standing grating with a period of
200 nanometers, a depth of four microns, and a span of three centimeters. These
free-standing gratings exceed the state-of-the-art by more than a factor of two in
aspect ratio at the nanoscale. The sidewall roughness is one shortcoming of DRIE,
which is often greater than 4 nanometers RMS, and it needs to be approximately
one nanometer to efficiently reflect soft x-rays. To address this, the world’s first
reported nanoscale polishing process has been developed to smooth the sidewalls of
DRIE’d, ultra-high aspect ratio silicon. This process utilizes potassium hydroxide
etching, an anisotropic etch of single crystal silicon. Specifically, the {111} planes
etch approximately 100 times slower than the non-{111} planes. A novel alignment
technique is presented to align the CAT grating pattern to the {111} silicon planes
to within 0.2 degrees. This precise alignment enables KOH to etch away sidewall
roughness and slowly widen the channels without fully destroying the structure. The
result of polishing was a reduction in sidewall roughness to approximately 1 nm RMS,
while decreasing the widths of the grating bars.
In addition to the nanofabrication developments, this work provides a preliminary
analysis of launching and deploying CAT gratings in space. The nanofabrication de-
velopments are focused towards the CAT grating; however, they have other applica-
tions as well. High quality masks have applications in MEMS structures and photonic
devices. The free-standing structure as a stand-alone device has applications such as
neutral mass spectroscopy, ultraviolet filtration, and x-ray phase contrast imaging.
The polishing process is valuable to numerous optical applications where smooth side-
walls are critical, as well as filtration techniques which seek to maximize open-area.
Thesis Supervisor: Mark L. Schattenburg
Title: Senior Research Scientist
MIT Kavli Institute for Astrophysics and Space Research
Committee Chair: Paulo Lozano
Title: Associate Professor of Aeronautics and Astronautics
Committee Member: Karl Berggren
Title: Associate Professor of Electrical Engineering
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Chapter 1
Introduction
1
1.1 Wavelength-Dispersive Spectroscopy
The Critical-Angle Transmission (CAT) grating is a component for a wavelength-
dispersive spectrometer. The CAT grating performs an analogous function to glass
prisms, which create rainbows from white light. When broad-spectrum visible light
passes through a prism at non-normal angles, it refracts through the glass according
to Snell’s law;
ni sin φi = nt sin φt, (1.1)
where φi and φt are the incident and transmitted angles of the light with respect to
the normal of the surface, and ni and nt are the indices of refraction in air and glass.
The key detail is that nt varies slightly for different wavelengths which means the out-
going light will vary in angle as a function of wavelength. This is what generates the
rainbow effect of prisms. By measuring the intensity of the various colors, it is pos-
sible to generate a spectrum of the original white-light source. Unfortunately x-rays
1Parts of this thesis are reproduced from the Ph. D. thesis proposal submitted to the Aero-
nautics and Astronautics department June 2011, abstracts submitted to the 2013 SPIE and EIPBN
conference, a JVST paper published in 2012 [1] and posters presented at the 2011, 2012 and 2013
MTL MARC conferences. Any reproduced text or figures are from the author and references are
given if they are provided from a coauthor.
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are absorbed by prisms and require different technology for spectroscopy. Gratings
are periodic structures that utilize the wave properties of light and diffraction for
spectroscopy.
For simplicity suppose a grating just had two slits and is exposed to spatially
coherent monochromatic light from a distant source. As the light passes through the
two slits it emanates as two cylindrical waves with the electric fields superimposed
on each other. If the peak of one wave intersects the peak of the other, it doubles
the electric field creating a bright region. Alternatively when the peak of one wave
intersects the trough of another it is cancelled creating a dark region. See Figure 1-1
for a graphical depiction of double-slit interference.
Figure 1-1: Diagram of Double-Slit Interference
What is particularly interesting is that the regions of interference depend on both
the wavelength and distance between the slits. In order to have constructive inter-
ference, the optical path difference between each slit must be an integer multiple of
the wavelength of the light. Alternatively the darkest regions occur where the optical
path difference is an integer and a half of a wavelength. Geometrically the angles for
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that constructive interference are:
d sin(θ) = mλ (1.2)
where d is the distance between the slits, m is an integer and λ is the wavelength of
the light. Since the distance between the slits is fixed, the interference pattern will
be a function of the wavelength. As a result, the bright regions will be in different
regions of space depending on the wavelength.
This is the basis for grating wavelength-dispersive spectroscopy. If the intensity
is measured downstream of the grating, the relative intensity of the various wave-
lengths in the original source can be calculated. Unfortunately with just two slits,
the interference pattern will have a gradual irradiance pattern between the brightest
and dark regions, and distinguishing wavelengths is nearly impossible. Gratings for
spectroscopy have thousands of slits, which widens the dark regions and narrows the
bright regions. Ideally, the only light is where all of the slits contribute an integer
multiple in optical path length difference of the wavelength. Anywhere outside of
these regions will have destructive interfere from adjacent, and more importantly,
non-adjacent slits. Hypothetically, if the light from slits n and n + 25 is destructive,
then the slits n + 1 and n + 26 will also be destructive in the same spot, etc. The
same could be true for another region in space for light from slits spaced 30 peri-
ods, etc. This results in very broad dark regions and narrow spots where there is
constructive interference from all of the slits. The bright regions are referred to as
diffraction orders. Since the diffraction orders are very narrow, different wavelengths
will be separated and can be measured. This can be visually observed when a grating
of micron-scale (μm) period is illuminated with white light generating a rainbow of
colors. Soft x-rays have wavelength on the order of a nanometer (nm), and require
gratings with nm-scale periods for spectroscopy, which will be explained in more de-
tail in further sections. See Figure 1-2 for a conceptual depiction of prism and grating
dispersion spectrometers.
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Figure 1-2: Conceptual depiction of prism and grating dispersion spectrometers
1.2 X-ray Astronomy
X-ray astronomy began in the later half of the 20th century when aerospace and
high energy physics technology matured to a point where space observatories became
feasible. X-rays astronomy is a challenging field since x-rays are absorbed by the
atmosphere and collector mirrors need to be used at shallow angles to efficiently re-
flect incoming light [2]. The first detection of a non-solar X-ray source, Sco X-1,
took place in June 1962 when MIT professor Bruno Rossi and colleagues Ricardo
Giacconi, Herbert Gursky and Frank Paolini launched their experiment onboard a
suborbital sounding rocket [3] [4]. With their discovery, a new field of astronomy was
started and several x-ray observatories have since been launched. The first unmanned
grazing-incidence x-ray telescope was launched in 1978, known as the Einstein Obser-
vatory, and it had a suite of science instruments including a spectrometer [5]. X-ray
observatories have since been used to study x-ray luminous objects throughout the
universe such as neutron stars and supermassive black holes [6].
A large component of x-ray astronomy involves spectroscopy to determine the
relative energies of photons being emitted from sources. In particular, there is an in-
terest in soft x-rays with energies below 1 keV that cover the characteristic emission
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lines of carbon, nitrogen, oxygen, neon and iron [7]. This is critical to understanding
the makeup of the warm-hot-intergalactic medium, high energy sources such as neu-
tron stars, high temperature plasmas around stars and a host of other high energy
phenomena [8]. For example, much of the baryon matter in the universe is unac-
counted for, and astronomers hope to use the emissions of supermassive black holes
from distant galaxies as a broad band x-ray light source to observe absorption lines in
an effort to determine the baryon content of intergalactic space [9]. Astronomers also
apply a similar technique to study the hot halo surrounding our galaxy [10]. More
locally, astronomers also want to understand the makeup of accretion disks in binary
star systems which are also x-ray luminous sources [11]. One example is the study of
x-rays from Capella, a system of four stars just 40 light years away. See Figure 1-3
for an example spectral plot and x-ray image with false color.
Figure 1-3: X-ray image with two crossed spectra and spectral data of Capella from
the Chandra X-Ray Observatory. 2
2Image Courtesy of Mark Schattenburg and the Kavli Institute
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1.3 Past Grating Spectrometer Technology
This section describes the basics of gratings that have been commonly used in spec-
trometers. The basic essential physics behind the CAT grating is explained along
with the advantages to previous technology.
1.3.1 Grating Basics
There are two types of gratings: transmission and reflection. A grating where light
passes through an opaque surface with multiple slits is known as an amplitude trans-
mission grating, since the light varies as a periodic step function in amplitude. Ampli-
tude gratings are inherently inefficient since much of the incoming light is absorbed
or reflected by the opaque surface. (The efficiency is defined by the ratio of light
intensity in a given non-zero diffraction order to monochromatic incoming light.)
Furthermore most of the light goes into the zeroth order where all of the wavelengths
overlap, and have no spectroscopic value. A more efficient transmission grating has a
periodic structure that alters the phase of the light without blocking the light. These
gratings are known as phase gratings. An example is periodically-etched glass, such
that the optical path difference between the etched and non-etched regions is half
a wavelength. Such a design suppresses the zeroth order which vastly improves effi-
ciency. In theory, these gratings can have efficiencies in excess of 80% [12]; however,
in practice they typically absorb much of the incoming light reducing their efficiency
for the soft x-ray band. A grating can also be made to utilize reflection from periodic
surfaces, which is known as a reflection grating. If the surfaces are flat, reflection
gratings are similar to phase transmission gratings. Specifically much of the light is
in the zeroth order. The key break-through for reflection gratings is to reflect the
light on angled mirrors (often called grating facets) such that the diffraction orders
coincide with the specular reflection angle. This effect is knows as blazing and it
can significantly increase efficiency since the majority of the light is directed into a
small number of non-zero diffraction orders. See Figure 1-4 for a diagram of a blazed
reflection grating.
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Figure 1-4: Schematic of blazed reflection grating (not drawn to scale).
The angle α has to be designed such that the optical path length difference for two
rays, that specularly reflect one period apart, is an integer multiple of the wavelength.
This leads to;
P cos(θ + 2α)− P cos(θ) = mλ, (1.3)
where P is the period, θ is the angle of the incoming light to the grating, α is the
angle of the grating mirrors with respect to the grating, λ is the wavelength of the
light, and m is an integer as defined in Figure 1-4.
1.3.2 CAT Grating Basics
The CAT grating is a hybrid design between a blazed reflection grating and a trans-
mission grating. Suppose the mirrors in a blazed reflection grating would be arranged
to be vertically separated; however, still at the same angle with respect to the incom-
ing light. Constructive interference can occur at the specular reflection angle if the
angles of incidence, grating mirrors and grating period are arranged correctly. See
Figure 1-5 for a conceptual depiction of the rearrangement of a blazed reflection
grating into the CAT grating.
27
Figure 1-5: Schematic of blazed reflection grating rearranged into CAT grating
1.3.3 Soft X-ray Reflectivity
Soft x-rays interact differently than optical light with solid surfaces. A summary of
the important details is presented. A more detailed explanation of soft x-ray optics
along with data for optical constants is presented by Spiller [13]. Soft x-rays usually
have an index of refraction slightly less than one in solid materials,
n = 1− δ + iβ, (1.4)
where δ and β are both small, and functions of the material and x-ray wavelength.
For example, δ of silicon is approximately 4× 10−4 for λ of 1 nm. Since the real part
of the index of refraction is less than one, an incident x-ray can have a grazing angle
of incidence θ that results in total external refection. See Figure 1-6 for a conceptual
drawing of x-rays refraction. This effect is equivalent to total internal reflection for
28
optical light at the interface between a solid material such as glass and vacuum.
Figure 1-6: Conceptual drawing of x-ray refraction and condition for total external
reflection.
The critical angle for total external reflection can be calculated from Snell’s law,
n1 sin φ1 = n2 sin φ2, (1.5)
where n1 is the index of refraction of vacuum equal to one, n2 is the real part index
of refraction of the solid material equal to 1 − δ, and φ1 and φ2 are the angles of the
x-rays with respect to the normal of the surface. For total external reflection φ2 is ≥
90◦. This leads to
sin φ1 ≤ 1− δ, (1.6)
and using the grazing angle of incidence on the surface, θ, instead of φ1, leads to
cos θ ≤ 1− δ. (1.7)
Since δ is small,
cos θ . 1− θ
2
2
, (1.8)
and θ can be solved,
θ .
√
2δ. (1.9)
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The largest angle for total external reflection is referred to as the critical angle for
total external reflection θc, (θc ≈
√
2δ). For silicon this leads to θc ≈ 1.6◦ for λ of 1
nm, which is a very shallow angle.
In addition to requiring shallow graze angles, the surfaces also have to be smooth
for efficient x-ray reflectivity. The efficiency of reflection is an exponential function
of roughness
R(q) = Roe
−q2σ2 , (1.10)
where R is the reflectivity, Ro is the reflectivity from a perfectly smooth surface, q
is the momentum transfer of the reflection and σ is the roughness. The momentum
transfer from a specular x-ray reflection os given by,
q =
4π
λ
n1 sin θ, (1.11)
where n1 is the index of refraction of the material for the incident x-ray, and θ is the
angle of grazing incidence. For an x-ray with λ of 1 nm, and grazing incidence angle
of 1.6◦, the roughness needs to be on the order of 1 nm for a 90% efficient reflection.
1.3.4 CAT Grating Concept and Advantages
A key design aspect of the CAT grating is that the grazing angle of incidence of the
light on the grating mirrors must be less than or equal to the critical-angle for total
external reflection. This insures that the light is primarily reflected and not absorbed
by the grating. See Figure 1-7 for a conceptual diagram of the CAT grating.
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Figure 1-7: Conceptual geometric drawing of a CAT grating.
The angles of the diffraction orders can be derived geometrically, obtaining;
mλ = P (sin(θi) + sin(βm)), (1.12)
where m is the diffraction order, λ is the wavelength, P is the grating period, θi is
the angle of incidence and βm is the angle of the outgoing diffraction orders relative
to the grating bar sidewalls.
The CAT grating is advantageous for space telescopes for several reasons. It
achieves the high efficiency of reflection gratings while remaining relatively insensi-
tive to alignment errors. This is a key detail of the CAT grating. Since the CAT
grating operates in transmission, small errors in alignment do not rotate the angle
of the zeroth order. Furthermore the non-zero diffraction orders rotate negligibly. In
contrast, reflection gratings linearly transpose the zeroth order just like a mirror. The
relative angle of the non-zero diffraction orders to the zeroth order remains the same
as for a transmission grating. As a result any angular misalignment causes approxi-
mately twice the angular shift in the diffraction orders. To clarify this, suppose the
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incoming beam instead of the grating is rotated by an angle Δθ, as shown in Figure
1-8. The shift in β can be calculated,
βm = arcsin(
mλ
P
− sin(θ)), (1.13)
βm + Δβm = arcsin(
mλ
P
− sin(θ + Δθ)), (1.14)
In this special case the initial θ is 0 for simplicity. Taylor expanding the arcsine
function and observing that for a typical soft x-ray grating,
mλ
P
<< 1, (1.15)
and for Δθ is << mλ
P
,
βm + Δβm ≈ mλ
P
− sin(θ) + 1
6
(
mλ
P
)3 +
1
2
(
mλ
P
)2
sin(Δθ). (1.16)
Observe that when θ is 0,
βm ≈ mλ
P
+
1
6
(
mλ
P
)3, (1.17)
and sin(Δθ) ≈ Δθ for small Δθ, leads to,
Δβm ≈ −Δθ + 1
2
(
mλ
P
)2
Δθ. (1.18)
The zeroth order shifts by Δθ which means the angle of the zeroth order is inde-
pendent of the angle of the grating. The diffracted orders shift by 1
2
(
mλ
P
)2
Δθ with
respect to the zeroth order.
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Figure 1-8: Conceptual drawing of alignment errors for transmission versus reflection
gratings.
For a telescope, the incoming light angle is fixed and misalignment refers to rota-
tions of gratings with respect to the telescope. As a result, when the grating is rotated
by Δθ, the zeroth order does not move in relation to the telescope and the non-zero
orders rotate by 1
2
(
mλ
P
)2
Δθ, which is roughly 2-3 orders of magnitude less than Δθ.
However, reflection gratings rotate the zeroth order by 2Δθ and the non-zero orders
rotate an additional 1
2
(
mλ
P
)2
Δθ with respect to the zeroth order. This results in a
two order-of-magnitude advantage in alignment and flatness tolerance for transmis-
sion grating for the wavelengths and grating periods of interests. This translates to
significant cost and weight savings for a telescope. See Figure 1-9 for a conceptual
drawing comparing transmission gratings to reflection gratings.
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Figure 1-9: Conceptual drawing of alignment errors for transmission versus reflection
gratings.
The sensitivity to alignment requires reflection gratings to be extremely flat and
mechanically sturdy, and this results in a heavy structural support. This extra mass
also blocks higher energy x-rays that space telescopes also study. As a result, reflec-
tion gratings limit the size and effective area of telescopes. The reflection grating
spectrometer onboard the European Space Agency (ESA) XMM-Newton x-ray ob-
servatory launched in 1999 is an example of a space-quality reflection grating spec-
trometer. This spectrometer had a maximum effective area of 140 cm2 and resolution
between 100-500 (λ/Δλ) [14]. Future CAT grating spectrometers could not only ex-
ceed the resolution and effective area of of the XMM-Newton x-ray spectrometer, and
they will be transparent to higher energy x-rays which is advantageous for telescope
applications [7].
The other alternatives to reflection gratings are phase and amplitude transmission
gratings. As mentioned previously, amplitude gratings are impractical due to their low
efficiency due to both x-ray blockage and high relative-intensity zeroth order. Phase
transmission gratings are an improvement over amplitude gratings and they have
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been flown on space missions. Most notably, the previous generation of space-quality
gratings capable of resolution over 1000 (λ/Δλ) are the Chandra X-ray Observatory’s
high-energy phase gratings. Chandra was launched in 1999, with two spectrometers
that are still being used [15] [16]. The Chandra High Energy Transmission gratings
are limited to resolutions below 1000 (λ/Δλ), an effective area of ∼ 50 cm2, and
efficiencies below 15% for wavelengths between 1 and 5 nm [17] [18]. Furthermore,
the effective area of the Chandra gratings falls off quickly with energies below 1 keV
[17] [18]. These gratings are 200 nm-pitch, 0.7 μm tall gold gratings resting on a 1
μm film of polyimide [19]. (The term pitch is this thesis refers to the grating period
and the two words are used interchangeably.) They were designed such that the soft
x-rays experienced approximately a π phase shift between the bars of gold and the
spaces in between. At energies below 1 kev the gold absorbs a substantial fraction of
the incoming x-rays and efficiency is low [20]. The CAT grating boosts efficiency for
two reasons: the incoming x-rays are mostly reflected below the critical-angle for total
external reflection instead of being partially absorbed through the grating sidewalls,
and the majority of the x-rays are directed into the negative non-zero diffraction
orders via blazing. This boosts efficiency over the state-of-the-art by an order of
magnitude in the soft X-ray band [21] [22]. See Figure 1-10 for a comparison of the
predicted grating efficiency of a particular CAT grating design versus the Chandra
gratings in the soft x-ray band.
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Figure 1-10: Theoretical efficiency plot of CAT grating vs. Chandra gratings. 3
The CAT grating’s improvement in efficiency will allow for large effective-area
spectrometers to be deployed in space telescopes such as the formerly planned Inter-
national X-ray Observatory (IXO). This mission was the primary application for the
CAT grating; however, it was cancelled in favor of smaller missions. The IXO mission
plan called for both an imaging and spectral instrument with an array of advanced
x-ray optics [8]. The CAT grating spectrometer was just one of many instruments
planned for the IXO. A CAT grating spectrometer is a general-use dispersion spec-
trometer and not limited to the IXO. Smaller missions are planned with a strong
emphasis on spectroscopy, and the CAT grating technology could be a primary in-
strument [23]. Two example mission concepts are the Advanced X-ray Spectroscopy
and Imaging Observatory (AXSIO) and the Square Meter Arcsecond Resolution X-
ray Telescope (SMART-X ) [24] [25]. Both missions call for resolutions of 3000 (λ/Δλ)
and effective areas greater than 1000 cm2, for the CAT grating spectrometer. The
CAT grating, in conjunction with a CCD detector, is designed to meet these spec-
ifications for soft x-rays [26]. See Figure 1-11 for an example of the CAT grating
spectrometer effective area versus wavelength for the SMART-X mission concept.
3Figure courtesy Ralf Heilmann
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Figure 1-11: Plot of effective area versus wavelength for instruments on SMART-X. 4
1.4 CAT Grating Geometry and Dimensions Overview
This section describes the geometry of the CAT grating and sets the requirements for
nano amd microfabrication. A description of alternative applications for devices of
similar geometry is also presented.
1.4.1 Grating Period
The prime geometric parameter for the grating is the period. In order to achieve
resolution of 3000 (λ/Δλ) or better a small period must be fabricated. The theoretical
limit for the grating resolution using the Rayleigh criterion is;
λ
Δλ
≈ mΛ
P
, (1.19)
4Image Courtesy Alexey Vikhlinin [25]
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where Λ is the grating width, P is the period and integer m is the diffraction order.
This is proportional to the number of grating lines, and achieving a resolution of 3000
would not be challenging if this were the limiting design constraint. At present, a
limiting factor for the resolution is the optics of the space telescope leading up to the
grating, which increases the requirements of the grating [27]. The telescope’s ability
to focus a plane wave to a point is known as the point spread function (PSF), and
is typically measured in angle. One advantage of the CAT grating over traditional
gratings is that it operates at higher diffraction orders where the angular separation
is larger [7]. This relaxes the resolution requirements of the telescope which is im-
portant for large collecting areas. The grating spectrometer must separate different
wavelengths such that the physical separation at the focal plane is larger than the
blurred spot of the PSF. Furthermore, neighboring diffraction orders will overlap on
the detector due to the different energies being observed. The grating period needs
to be small enough such that modern CCD detectors have sufficient intrinsic energy
resolution to distinguish different diffraction orders that overlap spatially, and 200 nm
is sufficient for state-of-the-art CCD detectors [28]. Recent studies show a telescope
with a PSF of 4.6 arc seconds for the full aperture and a CAT grating with a 200
nm pitch can achieve at least a resolution of 3370 full width half maximum [7]. This
small PSF is made possible by taking advantage of anisotropies in the x-ray mirror
focus [29], and sub-aperturing the grating optics so the narrow region of the PSF is
in the direction of the grating dispersion. A period of 200 nm meets the requirements
of the former IXO mission plan and the current mission designs such as AXSIO and
(SMART-X ). As a result, 200 nm has been the period for the grating in this work.
1.4.2 Grating Bar Dimensions and Roughness
In order to reach the effective area goal of 1000 cm2, using the smallest possible
telescope aperture, the grating must be efficient. Soft x-rays are also highly absorbed
by solid materials and the grating needs to be freestanding to avoid absorption losses
[30]. By design the grating is blazed to maximize efficiency, and the angle of incidence
of the x-rays must be below the critical-angle of total external reflection (between 1
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and 5 degrees for x-rays wavelengths between 1 and 5 nm [21]). At such shallow
angles, the grating channels must be very deep compared to the period to ensure all
the x-rays are reflected. This requires the depth of the channels, referred to as L in
Figure 1-7, to be approximately 4 μm. Furthermore the width, w, of the grating bars
must be small since incoming x-rays hitting the tops of the bars will be absorbed.
The grating bar sidewalls also need to be smooth to efficiently reflect x-rays.
1.4.3 Supporting Structure
The CAT grating requires a support structure to withstand the mechanical forces of
fabrication and later, launch and deployment in space. The support structure should
be minimized in area to maximize the open area and therefore the efficiency of the
spectrometer. At present the 200 nm-pitch grating is supported by three levels. Level
1 is a cross support grating with an approximate pitch of 5 μm in the same layer as
the 200-nm pitch CAT grating. Level 2 is a mm-scale hexagonal support, 500 μm
thick. An array of these hexagons, depicted in Figure 1-13, will span centimeters,
and will be connected to a composite or metal frame as the Level 3 support. Figure
1-12 depicts a single hexagonal cell. It is important that large grating areas spanning
at least three centimeters be fabricated to maximize collecting area. Ultimately a
telescope will need to cover on the order of one square meter of area, and practical
fabrication limitations at MIT limit the number of grating facets to 1000.
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Figure 1-12: Schematic of CAT grating with cross supports and hexagon bulk wafer
support (Not drawn to scale)
Figure 1-13: CAD drawing of multiple Level 2 support and magnified views of grating
bars.
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1.4.4 Summary of CAT Grating Dimensions
The CAT grating is a very unique structure. If the CAT grating were a life-size
structure, each grating bar would be similar in aspect ratio to a 4 by 8 foot by half
inch-thick piece of plywood. The surface would be of similar smoothness to plywood,
and millions of these sheets arranged standing up would span three football fields
creating a freestanding membrane. This membrane would be supported by pillars
500 feet tall and would span 6 miles, or the size of a small city. This thesis presents
nanofabrication developments to make this unique structure on the nanoscale. See
Table 1.1 for a summary of the requirements.
Requirement Quantified Justification
Period 200 nm High Resolution
Depth 4 μm Maximize X-ray Throughput
Sidewall Roughness < 1 nm RMS X-ray Reflectivity
Period Variation < 1 part in 105 High Resolution
Overall Open Area Fraction > 50% Minimize X-ray Blockage
Grating Facet Area > 10 cm2 Maximize Collecting Area
Table 1.1: Table of fabrication requirements for the CAT grating
1.4.5 Alternative CAT Grating Applications
The CAT grating, or other gratings of similar geometry, have a host of other appli-
cations as well. Laboratory plasmas are luminous in x-rays and the CAT grating will
be a useful analysis tool [31] [32]. Since gratings disperse light into diffraction orders,
large-area gratings can be used to condense high power laser light for high energy
physics research [33]. The CAT grating’s small period (comparable to the wavelength
of ultraviolet light), and large aspect ratio, make its development useful for future
generation ultraviolet filters which have similar dimensions [34] [35] [36]. Neutron
spectroscopy is another application of the CAT grating since room temperature neu-
trons have a similar de Broglie wavelength to x-rays and can be efficiently reflected
41
from a variety of materials [37] [13]. At even colder temperatures neutrons have larger
critical-angles, in excess of a degree, and the CAT grating could be useful for diffrac-
tion and neutron interferometer experiments in these conditions [38]. Another recent
application for x-ray gratings is phase contrast imaging. This technique utilizes the
x-ray phase shift in an object and gratings between the object and detector to gen-
erate a relative intensity profile on an image detector [39]. Initial experiments used
gratings with a 2 μm period and a depth of 12 μm to diffract the outgoing x-rays,
which is similar to the CAT grating geometry.
1.5 Prior CAT Grating Fabrication Techniques
The most substantial work on the CAT grating was done by Ahn and the MIT SNL
[40]. Ahn and Heilmann et al. fabricated small areas of CAT grating with a wet
etch technique and demonstrated efficiencies between 22 - 55% at most soft x-ray
wavelengths [21]. The technique Ahn used to etch the 200 nm-pitch gratings involves
wet potassium hydroxide (KOH) etching. The chemical reaction of the etch is,
Si + 2OH− + 2H2O → SiO2 (OH)−−2 + 2H2, (1.20)
and the etch is anisotropic with respect to the crystal planes, {111}<<{100}<{110}
[41] [42]. The process by Ahn required patterning the CAT grating lines parallel to
the vertical {111} planes of a {110} surface, and etching the grating bars vertically
downward with minimal lateral etching due to the selectively to the {111} planes.
This process yielded nice prototypes; however, the etch would stop on diagonal {111}
planes from the cross supports, severely limiting the open-area fraction. See Figure 1-
14 for an illustration of the CAT grating and diagonal etch stops of the cross supports.
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Figure 1-14: Diagram of KOH etch process for CAT gratings 5
For a 4 μm-deep 200 nm pitch grating, the open-area fraction between the top
and bottom of the level 1 cross support was 35% for Ahn’s process [43]. This problem
gets worse for deep CAT gratings and a ∼ 6-μm had an open-area ratio of 19%. This
does not account for x-ray blockage from the CAT grating bars themselves, nor the
area from the non-patterned region of the cross support. These test gratings were
also a few millimeters in span, and further support structures would be necessary
for square centimeter areas. The grating bars blocked roughly 20% of the area, and
given a very generous assumption that each of the 3 levels of structural support only
block 10%, that gives an open-area fraction of 20%. The CAT grating needs to have
an open area above 50% to achieve the effective area goal of 1000 cm2 for a future
space mission. As a result, new fabrication techniques need to be developed to create
centimeter-scale gratings.
Regardless of shortcomings of the previous process, it did allows for x-ray tests
that demonstrated CAT grating efficiency. Two gratings were tested, approximately
4 and 6 μm-deep, and they showed excellent agreement between theoretical and ex-
perimental efficiencies. Some of the data from that effort is reproduced here as an
example of the CAT grating in testing. The data below is for the ∼ 4-μm grating
[44]. The depth was actually close to ∼ 3.3 μm and the area ratio, including the tops
of the level 1 support structure was 44%. See Figures 1-15 and 1-16 for reproductions
of the data. The test were conducted at the Advanced Light Source at Lawrence
5Figure courtesy Ralf Heilmann. The original figure was created by Minseung Ahn.
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Berkeley National Laboratory (LBNL).
Figure 1-15: Plot of absolute diffraction peak intensity versus wavelength. Solid
dots are measured data, dotted lines are guides to the eye, solid lines are theoretical
estimations with an error bar for SEM-derived parameters. 6
Figure 1-16: Continuation from Figure 1-15. Plot of absolute diffraction peak in-
tensity versus wavelength. Solid dots are measured data, dotted lines are guides
to the eye, solid lines are theoretical estimates with an error bar for SEM-derived
parameters. 7
6Figure courtesy Ralf Heilmann [44]
7Figure courtesy Ralf Heilmann [44]
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1.6 CAT Grating Fabrication Techniques
The research presented here focuses on creating a large open-area CAT grating. The
fabrication techniques are similar to modern microelectromechanical and nanoelec-
tromechanical systems (MEMS and NEMS) techniques. These techniques are based
on processing silicon and other semiconductor materials for computers and electron-
ics. There is a wealth of knowledge and an industry built around nanoscale silicon
processing that makes these techniques amenable to CAT grating development. Fur-
thermore, single crystal-silicon has been demonstrated to work as a CAT grating
material by Ahn for small open areas, which makes it a good starting material for
future development [43].
The critical development in this work that allows for large open-area CAT gratings
is deep reactive-ion etching (DRIE). Electrochemical etching was also considered, but
good lateral etch control is difficult on the nanoscale for high aspect ratios [45]. DRIE
is an anisotropic plasma-etch process that has the advantage of etching independently
of the crystal lattice orientation [46]. DRIE enables the CAT grating and support
structures to be etched without the diagonal etch stops observed in figure 1-14. This
work presents three major nano-fabrication break-throughs to enable a large open-
area CAT grating. First, a process is presented to etch CAT grating lines in bulk
silicon with a depth of 4 μm and a period of 200 nm. A complete process is then
presented for a freestanding, large-area, structure with CAT grating bars supported
by a hierarchical support mesh. Lastly a process has been developed to polish the
sidewalls of the individual grating bars via KOH. Preliminary analysis is presented
on the structural challenges of launching and deploying a CAT grating into space.
1.6.1 Deep Reactive-Ion Etching
Deep reactive-ion etching became prevalent in the mid 1990s as a means to create
μm-scale devices in silicon wafers [46]. Previously, tetramethylammonium hydroxide
(TMAH) and KOH wet etching were often used for bulk silicon etching, and creating
anisotropic features. This is the result of the large (≈ 100) etch rate difference between
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the non-{111} planes and the {111} planes [41] [42]. The concept for reactive-ion
etching is to react the sample material with compounds to produce volatile species,
which desorb from the surface. Energetic ions bombard the surface to enhance the
etch rate vertically to create an anisotropic etch. Plasma etching with energetic ions
above 50 eV reduces, and effectively eliminates etch rate dependence on the crystal
planes when the ion flux is large compared to neutral reactive species [47] [48]. The
main challenge in DRIE is to etch as vertically downward as possible while maintaining
etch selectivity of the silicon to the mask [49] [50]. Early experiments showed adding
O2 to an SF6 plasma could control the sidewall angle [51]. However, oxygen will also
etch most photoresists, and carbon fluorine molecules were later used together with
SF6 [52].
The most promising DRIE techniques today are the Bosch process and cryo-
genic etching [53]. Both techniques use inductively coupled plasma (ICP) due to its
high density and low transverse energy in comparison to electron cyclotron resonance
(ECR) [54]. The Bosch process involves alternating between SF6, to etch downward
producing volatile SiF4, and C4F8 to deposit a fluorocarbon film to passivate the
sidewalls. The etch step is not perfectly anisotropic and some lateral etching occurs.
The key concept is to isotropically deposit a thin film via the passivation step that is
thick enough to prevent lateral etching from reactive neutrals during the subsequent
etch step, but thin enough to allow vertical etching from the ion bombardment. This
process is repeated to create deep etches in silicon with vertical sidewalls. See Figure
1-17 for a conceptual depiction of the Bosch process. A more detailed description is
presented by Wu et al. [50].
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Figure 1-17: Conceptual drawing of the Bosch DRIE process.
The cryogenic process simply cools the substrate below -100 degrees C, and etches
with a mixture of O2 and SF6 to simultaneously etch and deposit a SiOxFy passivation
layer [50]. The main problem with the Bosch process is periodic sidewall undercutting
known as scalloping which was in excess of 15 nm in the past [55]. This concern caused
Ahn to avoid DRIE for the CAT grating [43]. The cryogenic process’s main problem
is proper thermal control for small samples. Entire wafers need to be used for proper
cryogenic cooling since bonding wafer chips to dummy carriers cannot consistently
generate the same results [53], which makes the process impractical for the SNL.
Yields of wafers with MIT facilities can be less than 20%, and running experiments
on entire wafers requires too much labor and time to be feasible. Furthermore, there
are few cryogenic etch tools available for academic researchers.
Ultimately a Bosch DRIE process was chosen to etch the CAT grating bars. The
etch has to go down 4 μm while maintaining a minimum bar-width of 100 nm for later
polishing in KOH. Such an etch has never been done before with 100 nm features and
aspect ratios in excess of 50 to 1. The grating work by Mukherjee et al. was the
most similar DRIE process with free standing 240 nm-pitch gratings 2 μm high [35].
Other notable etches include 100 nm-lines etched 900 nm deep in silicon via plasma
ICP etching by Li et al. [56]. Chang et al. etched 200 nm silicon pillars to 2500 nm
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via conventional reaction ion etching (RIE); however, undercutting limited the etch
depth [57]. Morton et al. etched silicon pillars 2400 nm deep, and diameter of 50
nm with DRIE and a 100 nm thermal oxide mask [55]. With proper etch tailoring
it is possible to reduce scalloping in the Bosch process via reducing the etch and
passivation step times, or by adjusting the ratios of the downward etch step times
with respect to the passivation step times [50] [58].
In collaboration with Dr. Pran Mukherjee and Alex Kaplan a DRIE process
for CAT grating bars was developed via the SPTS Pegasus tool at the University
of Michigan [59]. Frank DiPiazza of Silicon Resources operated the tool remotely
for the majority of this work when Dr. Mukherjee was not on site. This etch was
sufficient to reach the required depth; however, the bars would be undercut to ap-
proximately 50 nm which prevented further KOH polishing at the desired depth of 4
μm. An improvement to this process was later developed on the same etch tool with
collaboration with Dr. Steven Vargo at SPTS Technologies Inc. This improved etch
maintained approximately 100 nm of minimum bar-width and enabled KOH polish-
ing, which will be discussed in later sections. Both of these processes are presented
in this work; however, the main contribution presented is the masking technology
developed for those etches.
1.6.2 DRIE Masking
Several different masking materials such as chrome 8, alumina and SiO2 were consid-
ered for the DRIE mask. As will be discussed in more detail later, SiO2 was chosen
as the best material. Based on prior experiences in the SNL, 400 nm of thermal SiO 2
would need to be patterned at 200 nm-pitch with nearly vertical sidewalls to etch 6
μm without significant tapering to avoid transferring the taper into the silicon. (6
μm was the initial goal of the project and was later relaxed to 4 μm.) Furthermore,
the mask needs to have a cross support grating with a pitch of 5 μm and ultimately a
duty cycle below 10%. A mask of this type, spanning the majority of a 100 mm, wafer
8The term chrome is used when referring to nanoscale layers of chromium metal deposited on
samples via electron-beam evaporation.
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had not been demonstrated before, and requires a good understanding of lithography,
pattern transfer, and SiO2 etching.
Interference lithography has been used to make gratings for x-ray astronomy for
several decades [60], and pitches as small as 38 nm have been demonstrated for
applications outside of x-ray astronomy [61]. The lithography for both 5 μm and 200
nm-periods has been demonstrated with interference lithography by Schattenburg et
al. [62]. Schattenburg also demonstrated the ability to transfer 200 nm-pitch gratings
into anti-reflective coatings with multi-level stacks [63]. The new challenge was to
transfer a two-dimensional pattern into thermal SiO2 to create a high quality mask.
After extensive development a process for a two-dimensional mask in thermal SiO 2
was demonstrated consistently. The thickness of the mask was 300 nm as opposed
to 400; however, 400 nm was demonstrated for a 200 nm-pitch mask without a cross
support. It was possible to pattern areas over 3 cm on a side. Furthermore processes
were developed for chrome and anti-reflective coatings, and tested successfully with
DRIE.
1.6.3 Freestanding Gratings
The CAT grating is a unique geometry, and there are only a few other examples of
past freestanding grating structures of a similar scale. For example, Mukherjee et al.
produced freestanding silicon gratings for ultra-violet filtration that had a period of
240 nm and a depth of 2,000 nm [35]. These gratings were similar to 200 nm-pitch
gold gratings produced in the MIT SNL that were also free standing at 500 nm-depth,
and used for ultra-violet filtration and x-ray diffraction [34] [64] [62]. Savas et al. used
achromatic interference lithography (AIL) to pattern 100 nm-pitch, freestanding, ∼
100 nm-tall, with centimeter-scale areas to demonstrate the fabrication technology
[65]. Savas et al. also produced Si3N4, freestanding gold gratings, 100 nm thick, 100
nm-pitch via AIL and millimeter-scale areas for an atomic spectrometer [66]. For
infrared filtering, Gregory et al. produced free standing silicon carbide gratings with
periods and depths on the μm scale [67]. All of these past works involved front and
back side etching of silicon wafers with the work by Mukherjee et al. being the most
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similar, since etching was DRIE on both sides and the period is similar.
As mentioned previously Ahn successfully demonstrated the CAT grating could
be fabricated, and further demonstrated it could efficiently diffract x-rays. The fab-
rication techniques he used involved front and back side patterning of a silicon-on-
insulator (SOI) wafer, scanning-beam inference lithography (SBIL), a support struc-
ture patterned into the same layer as the CAT grating, and KOH etching. In short,
Ahn patterned the front side of an SOI <110> silicon wafer with a 200 nm-pitch grat-
ing aligned to the {111} planes; patterned and etched the handle side of the wafer;
etched the CAT grating, and finally etched the buried SiO2 to create a freestanding
grating [43].
This work presents a complete process for freestanding, ultra-high aspect ratio, 200
nm-pitch gratings. The gratings are fabricated as a monolithic structure in silicon via
two lithographic and pattern transfer processes, integrated on a silicon-on-insulator
(SOI) wafer. The grating is patterned via interference lithography and transferred
into the 4 μm device layer via a Bosch deep reactive-ion etch (DRIE). The grating
channels are then filled without voids by spinning photoresist on them, which wicks
into the channels. The sample is then bonded under vacuum via Crystalbond to a
carrier wafer, and a honeycomb pattern is etched via DRIE through the handle layer
until it stops cleanly on the buried SiO2. The buried SiO2 is etched away and the
sample is separated from the carrier. The resist filling is cleaned from the channels
and the grating is critical-point dried to create a freestanding structure.
1.6.4 Sidewall Polishing
The DRIE process has demonstrated excellent results toward realizing large open-
area CAT gratings; however, the process produces rough sidewalls. The roughness
was measured via an atomic force microscope (AFM) to be approximately 4 nm
root mean square (RMS), which is too large to efficiently reflect x-rays. Several
groups around the world have had similar issues with DRIE and proposed a variety
of solutions. It should be noted that all of these groups were working with features in
excess of 1 μm, and the CAT grating lines are less than 100 nm, an order of magnitude
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reduction in feature size.
Focused ion beam (FIB) milling has been demonstrated by Song et al. to reduce
sidewall roughness of DRIE from 28.1 to 1.6 nm RMS and 153.0 to 5.7 nm peak-to-
valley [68]. This was demonstrated on the face of a microscale step in silicon. The
process was similar to a wood planer that cuts off the roughness from a saw. In the
case of the CAT grating, the FIB would remove the entire grating structure, and
is much too aggressive to smooth the sidewalls of individual grating bars. Another
approach is to adjust the DRIE etch-steps to produce smoother sidewalls. Amin et
al. reduced the sidewall roughness from 110 nm to 3.9 nm by adjusting the passi-
vation gas, C4F8, to grow a smooth layer of polymer [69]. This unfortunately is not
suitable for the CAT grating since the grating bars ultimately need to be less than
50 nm and this filling process would fill the entire space between bars. Furthermore
a polymer would inhibit aggressive cleans during the integrated process which makes
it an impractical for CAT gratings.
The solution that is most promising for the CAT grating is to use a wet-etch step
after DRIE to smooth the sidewalls. Both KOH and TMAH have been demonstrated
to smooth DRIE sidewalls from the Bosch process [70]. Defforge et al. ran a series
of experiments with both KOH and TMAH at concentrations of 2 and 5% mixed
with isopropyl alcohol (IPA) at 10 and 20% by weight [70]. The low concentration
etches were done at 10◦ C and higher concentration at 22◦ C. All etches were done
for 16 hours. They reported the best result with 5% KOH and 20% IPA, which
reduced the roughness from 178 to 2.8 nm RMS and 707 to 14.8 nm peak-to-peak.
These were holes approximately 12 μm wide and the faces etched were both {110}
and {100}. Defforge et al. also studied the effects of KOH polishing on high aspect
ratio macrapore arrays [71]. These structures were initially electrochemically etched
and then polished in 2% KOH and 10% IPA at 10◦ C for 21.5 hours. This technique
was developed as a method to both thin and smooth the sidewalls. These features
were 320 μm tall and approximately 10 μm thick which made them similar in aspect
ratio to the CAT grating bars; however, the absolute thickness is the most relevant
dimension for determining polishing feasibility.
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As mentioned previously, the {111} planes in silicon etch ∼ 100 slower than the
other planes, and this can be used to increase the anisotropy of KOH polishing.
Mackay et al. demonstrated they could reduce the roughness of a single {111} silicon
plane spanning in excess of 50 μm for use as a micro-mirror in BioMEMS [72]. Their
experiments had a post DRIE roughness of 2,027 nm RMS and this was reduced to
763 nm via 30% KOH and 4% IPA at 75◦ C. They also experimented with TMAH,
and 13% TMAH without IPA at 85◦ C showed the best results with a final roughness
of 20 nm RMS. A process for smoothing DRIE features via KOH and aligning the
plane to be smoothed to the {111} of a <110> wafer was demonstrated by Sun et
al. [73]. They successfully reduced the surface roughness from 70 nm to 10 nm RMS,
and improved the finesse of an optical resonator for a Fabry-Perot etalon by 21.8%.
Jeong et al. demonstrated a process for the narrowest (3.7 μm) reported features
to be KOH polished after DRIE [74] [75]. This process was developed to reduce the
roughness of oblique comb electrodes from 200 nm to 20 nm RMS. The process also
used the {111} planes on a <110> wafer to reduce the etch rate on the polished
surface. Their etch solution was 45% KOH by weight at 75◦ C for 10 minutes. In
addition to reducing sidewall roughness, KOH has been demonstrated to improve the
straightness of a post DRIE surface [76] [77]. Agarwal et al. reduced the average
sidewall roughness from 150 nm to 40 nm, and improved the angle from 89.8 degrees
to 90.08 [76] [77]. The features were on the order of 100 μm and {110} planes were
polished.
This work presents a polishing process that utilizes KOH to reduce sidewall rough-
ness from approximately 4 to 1 nm (RMS) via AFM measurements, while decreasing
the grating bar-widths. This process is the most challenging presented. This work is
the first published combined DRIE-KOH etching process on the nanoscale for ultra-
high aspect ratio structures. The CAT grating bars started out 100 nm wide and were
reduced to less than 70 nm while all detectable roughness was removed as judged by
SEM inspection. These features are over 30 times smaller than the next smallest fea-
tures published to date. Furthermore, high aspect ratio DRIE can result in bar-width
variations of approximately a factor of two from the top to the middle of the channel,
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commonly referred to as bowing. Remarkably, bowing has also been reduced by at
least a factor of 3 via the polishing process. The polishing process takes advantage
of the anisotropy of KOH silicon etching. Specifically, the grating bars aligned to the
{111} silicon planes. This anisotropy allows the grating bars to be etched in 50% by
weight KOH at room temperature for up to 60 minutes. Long etches have several
key requirements, including ± 0.1 degree alignment of the grating with respect to
the {111} planes, mask roughness below 40 nm and minimal defects in the silicon.
If these requirements are not met, the grating will quickly be destroyed by the etch,
which etches the non-{111} planes in excess of 1 μm per hour [43]. The fabrication
steps of this work are described in detail, including a novel technique to align the
200 nm-pitch interference lithography image grating to the {111} planes of a <110>
silicon wafer.
1.6.5 CAT Grating Launch and Deployment in Space
The CAT grating must be designed to withstand launch and deployment in space.
The grating will face vibrations, shocks and acoustic forces from the launch vehicle.
Furthermore it needs to survive the space environment for several years. The Ariane
V rocket is a good example of a launch vehicle, and its vibrations and shocks have
been published and analyzed by Chemoul et al. [78]. The thermal requirements are
not precisely known but the goal of the project is to build the CAT grating such that
it doesn’t become the first component to fail if the telescope temperature control
system fails. For example the the mirrors should be tolerant of 1◦ C temperature
variation, and the CAT grating must adhere to this as well [79].
The main challenge is to design the CAT grating to withstand the mechanical
loads during launch. The CAT grating is a unique geometry, and few examples exists
of similar structural modeling endeavors. Many aspects of the structural modeling
have been analyzed before, such as silicon’s structural properties on a nanoscale, and
stresses related to SiO2 [80] [81]. The modeling problem takes place on several scales.
The first is modeling individual grating bars depicted in Figure 1-12. The second is
modeling the ”film” of grating bars, and Level 1 supports that span across the Level 2
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supports. The third is modeling arrays of Level 2 supports that attach to an external
frame known as the Level 3 support.
This work presents some preliminary analysis of modeling individual grating bars
and arrays of Level 2 supports. This is done with finite element analysis (FEA),
and classical Euler-Bernoulli beam, solid mechanics theory [82]. The theory behind
basic FEA has been extensively written by Bathe for use in modeling plates and
geometries similar to the grating frame [83]. Commercial finite element codes such
as ADINA, have been developed that can model on the order of 1 million nodes with
24 gigabytes of computer RAM, which has also been used for modeling simple beams
[84]. Recent experiments on nanoscale beams of silicon have also enabled good data
for modeling individual grating bars [80]. The macroscopic properties of silicon are
well understood, and can be referenced from a variety of sources for modeling [85].
In addition to modeling, a preliminary test of the Level 2 and 3 structure was carried
out in vibration, shock and thermal environments. These tests were carried out in
collaboration with Jonathan Yam, an intern for the SNL. They confirmed the validity
of some of the resonant frequency models, and made it clear that shocks from stage
separation are the most detrimental. In addition to the preliminary modeling and
experiments, a plan for modeling and testing the grating film is presented.
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Chapter 2
Large Area Masks for Ultra-High
Aspect Ratio DRIE
2.1 Mask Materials
The material selection for masking both DRIE and KOH polish is important to achieve
high quality results. Most importantly, the mask must allow for high selectivity to
silicon (the etch rate of silicon should be much greater than the mask material). The
mask also needs to withstand rigorous cleaning solutions such as piranha (sulfuric
acid and hydrogen peroxide) to enable further processing steps. It also needs to be
removable such that at the end of the process, it can be cleaned away to prevent x-ray
blockage. The material should also etch smoothly to avoid line-edge roughness in the
final pattern.
The materials evaluated were aluminum, chrome, thermal SiO2, plasma-enhanced
chemical vapor deposition (PECVD) SiO2, low stress silicon nitride (SixNy), alumina
(Al2O3), and AZ Electronic Materials Barli 0.25 μm anti-reflective coating (ARC).
Aluminum was rejected since noticeable μm-scale defects were observed via optical
microscope inspection in the films after evaporation. This may have been due to
contamination or other issues with the evaporator used, and it does not suggest
Aluminum is not suitable with better tools for depositing thin films. Chrome has
excellent selectivity to silicon; however, it could peel or be etched in KOH during
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polishing [86]. Low stress SixNy contains a significant amount of silicon compared to
stoichiometric SixNy, and will not enable a selective deep etch to silicon. Alumina is
very resistant to etching; however, it cannot be etched easily to remove later. Alumina
has shown good results for DRIE on the nanoscale [87]. Furthermore, alumina-based
resists are in development to take advantage of its very high selectivity for etching
[88]. Thermal SiO2 is the best choice since it is selective to silicon for DRIE as
well as KOH, etches smoothly, is resistant to rigorous cleans, and can be removed
with hydrofluoric acid (HF) without damaging silicon. PECVD SiO2 oxide lacks the
selectivity of thermal SiO2, furthermore it is not as resistant to cleaning solutions.
ARC has very little resistance to cleaning and is not suitable.
Although, thermal SiO2 is the best mask material, experiments with chrome and
ARC were successfully demonstrated for the deep-etch. Furthermore a combined mask
of SixNy with chrome evaporated on top demonstrated decent results with combined
DRIE and KOH polishing. The results with thermal SiO2 were smoother than chrome
and SixNy and the mask is also easier to remove at the end of the process.
2.2 200 nm-Period Thermal SiO2 Mask
This section describes the development of the 200 nm-period thermal SiO2 mask
including lithography, the pattern stack and pattern transfer process.
2.2.1 Lithography
A one-dimensional thermal SiO2 was developed first for simplicity to test the ini-
tial deep etch process. This presented a challenge in both lithography and pattern
transfer. The lithography technique used was interference lithography. The idea is
to bring two counter propagating plane waves together onto a surface to create a
standing wave. The period of the standing wave can be derived geometrically and
works to:
P =
λ
2sin(θ)
, (2.1)
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where P is the period of the standing wave, λ is the wavelength of the light and θ is
the angle of the incident beams, see Figure 2-1 for a schematic.
Figure 2-1: Schematic of Mach-Zehnder interference lithography table in the SNL. 1
The choice of lithography techniques is important and interference lithography
(IL) was chosen for several reasons. 200 nm-period features can be patterned with
a number of techniques such as electron beam, nanoimprint, and optical projection
lithography. The requirement for areas spanning 3 cm or more on a side is a key detail
of the CAT grating, and makes these solutions impractical. (The 3 cm requirement
is for the final grating and it is useful to have 1-2 cm of grating patterned beyond
this region for testing process steps.) Electron beam lithography can create features
smaller than 10 nm; however, it is slow and would take hours to days to pattern a
CAT grating [89]. Nanoimprint can also produce high resolution features; however,
areas in excess of a few mm on a side without defects would be challenging in the
labs at MIT due to particle contamination. Optical projection lithography is the
1Image Courtesy Mark Schattenburg
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standard for the computer industry but areas approximately 2-3 cm on a side are
patterned [90]. In addition to some of the technical limitations, the labs at MIT do
not have any tools other than interference lithography that are capable of patterning
the CAT grating over large areas. Furthermore, interference lithography is optimal
for patterning periodic features due to its nature of creating a standing wave of
constant period. There are several different types of interference lithography such
as the Lloyd’s mirror, Mach-Zehnder interferometer and scanning-beam interference
lithography (SBIL). The Lloyd’s mirror is the simplest device consisting of a mirror
at a right angle to the substrate. See Figure 2-2 for a schematic of the Lloyds mirror.
A plane wave shines on both the substrate and the mirror where it reflects. The
reflected wave interferes with the original beam on the substrate creating a standing
wave. The Mach-Zehnder interferometer takes a laser beam, splits it into two arms
where each beam goes through a set of mirrors, lenses, and filters, to finally combine
on a substrate. See Figure 2-1 for a schematic of the SNL’s Mach-Zehnder IL table.
SBIL is similar to the Mach-Zehnder except the two combined beams are very small
with respect the substrate, and the wafer is moved on a stage to expose it. See Figure
2-3 for a schematic of the SNL’s SBIL setup, also known as the Nanoruler.
Figure 2-2: Schematic of Lloyd’s mirror lithography. 2
2Image taken from an annual MIT NSL lab report [91]
58
Figure 2-3: Schematic of scanning-beam interference lithograph. 3
The Nanoruler is the highest quality tool in existence for interference lithography.
Unfortunately the tool went through a series of upgrades and was unavailable for the
duration of this work. The other two options are the Mach-Zehnder and the Lloyds
mirror. The Lloyds mirror is simple and robust; however, it is difficult to pattern
areas larger than 1 cm on a side. Furthermore dust particles and errors in the mirror
are printed on the substrate damaging the grating quality. The Mach-Zehnder was
chosen since areas in excess of 3 cm on a side can be patterned with high quality.
It should be noted that there are two different uses for lithography. The first
3Image Paul Konkola’s doctoral thesis [92]
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is making patterns to develop fabrication processes. For this, errors such as 0.1%
duty cycle variations do not matter. Alternatively there is making patterns for a
space flight quality CAT grating. In this case the quality of the pattern are more
important and the Nanoruler will be used. Some of the issues and limitation of the
Mach-Zehnder will be evaluated.
The Mach-Zehnder IL table in the SNL brings two spherical waves together onto
a substrate to create a standing wave. The optical path length of the laser beams
is on the order of 1 meter. As a result very minute environmental effects such as
temperature changes can alter the phase of one arm with respect to the other causing
the fringes to move. In order to lock the fringes, one arm passes through a Pockels
cell (piezoelectric crystal) that can adjust the phase by 4π or two wavelengths. Above
the substrate there is a beam splitting prism, which enables each arm to exit approxi-
mately parallel to each other, creating large fringes (mm-scale). A pair of photodiodes
then measure the fringe intensity, and an analog control system locks the fringes via
the Pockels cell. In practice the fringes still walk 10 to 20% of a period; which can
limit contrast although the majority of exposures were of high quality.
The main issue with the Mach-Zehnder, even for process development, is dose
non-uniformity. The laser beam has a gaussian intensity distribution and it goes
through a lens to generate a spherical wave front. Down beam of the lens, it passes
through a 5 μm spatial filter to remove high frequency errors. The beam expands a
distance of roughly 1 meter prior to the substrate. As a result, the center of the wafer
has considerably more intensity than the edges resulting in duty cycle variations in
the final pattern. The spatial filter is also very small and drifts in the optical bench
can cause beam occultation reducing the intensity during exposures. The fringes also
have hyperbolic phase distortions as a result of combining spherical waves, instead of
plane waves [93]. (At a distance, a small section of a spherical wave approximates a
plane wave.) For process development this is acceptable; however, these distortions
will compromise resolution for a telescope. In addition to line curvature, the period
also varies along the substrate since the angle of the incoming beams varies.
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2.2.2 Pattern Transfer Stack
Initially the deep etch needed to go 6 μm and 400 nm of thermal SiO2 was chosen as
the starting thickness as an estimate from prior experience in the SNL. The mask also
needed a duty cycle (line width divided by period) of 50% to maximize the width of
the deep-etched lines. The mask needed vertical sidewalls as well to prevent tapering
during pattern transfer into the silicon. This presented a considerable challenge in
pattern transfer.
The simplest way to pattern the SiO2 is to pattern the photoresist and transfer the
pattern directly into the SiO2. Unfortunately, one drawback of interference lithog-
raphy is the requirement for ARC to prevent back reflections from washing out the
fringes. (Note unless otherwise specified the ARC used throughout the duration of
this work was AZ Electronic Materials Barli 0.25 μm and the photoresist was Sumit-
omo PFI-88.) Without any ARC the back reflection would be over 55% which would
destroy the fringes. Prior experience in the lab suggests the back reflection should
be around 5%, and this translates to at least 150 nm of ARC. See Figure 2-4 for a
depiction of the stack and a simulation of the back reflection at the photoresist/ARC
interface. Both ARC and photoresist are polymers that etch approximately equally
in O2 plasmas. This poor selectivity limits the thickness ratio of photoresist to ARC
at 2:1 as per experience. In order to boost the selectivity a thin bilayer of Ta 2O5 and
SiO2, referred to as an interlayer, is evaporated over the ARC. Photoresist is applied
onto the interlayer. The interlayer is 15 nm of each material, which is thin with re-
spect to the photoresist. Furthermore it can be etched via H2 and CF4 plasma. The
selectivity of this etch is roughly 1:1; however, 200 nm of resist is more than sufficient
to mask 30 nm of interlayer. After the interlayer has been etched, the ARC can be
etched with O2 with selectivity in excess of 10:1 since Ta2O5 and SiO2 do not form
volatile species with O2. This interlayer technique has been used for years in the SNL
with great success [63].
The simplest interlayer would be pure SiO2 or Ta2O5; however, they have an in-
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dex of refraction of 1.5 and 2.2, respectively4. Photoresist and ARC have an index
of approximately 1.7 and minimal back reflections occur when the indicies of all of
the layers are approximately equal. SiO2 and Ta2O5 stacked together approximate an
index of refraction of 1.85, and minimal back reflections occur with Ta2O5 beneath
SiO2. See Figure 2-5 for a depiction of the stack and a simulation of the back reflec-
tion at the photoresist/ARC interface. Interestingly, switching the order of the Ta 2O5
and SiO2 leads to considerably worse reflections, see Figure 2-6. This further compli-
cates the process since photoresist adheres poorly to SiO2 and hexamethyldisilazane
(HMDS) is required for adhesion.
(a) Schematic of stack (b) Simulation of reflected power versus ARC
thickness
Figure 2-4: Reflected power simulation via ”Layer” and film stack of bulk silicon,
400 nm thermal SiO2, ARC (variable thickness) and 200 nm photoresist for pattern
transfer. 5
4Index of refraction numbers from the material archive in the Matlab program ”Layer” developed
by Mark Schattenburg and Mike Walsh.
5Plot generated with a Matlab script ”Layer” developed by Mark Schattenburg and Mike Walsh
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(a) Schematic of stack (b) Simulation of reflected power versus ARC
thickness
Figure 2-5: Reflected power simulation via ”layer” and film stack of bulk silicon,
400 nm thermal SiO2, ARC (variable thickness), 15 nm evaporated Ta2O5, 15 nm
evaporated SiO2 (interlayer) and 200 nm photoresist for pattern transfer.
(a) Schematic of stack (b) Simulation of reflected power versus ARC
thickness
Figure 2-6: Reflected power simulation via ”layer” and film stack of bulk silicon,
400 nm thermal SiO2, ARC (variable thickness), 15 nm evaporated SiO2, 15 nm
evaporated Ta2O5 (inverted interlayer) and 200 nm photoresist for pattern transfer.
2.2.3 Trilayer Etching
It has been difficult in the past to etch SiO2 to high aspect ratios with features
below 100 nm [94]. Ahn successfully created a thermal SiO2 mask with visually
tapered sidewalls and did not achieve good silicon etching [43]. Past researchers have
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successfully etched 20 nm wide, 800 nm deep channels in SiO2 via RIE and mixtures
of CH2F2, C4F8 and O2 [95]. The key to etching SiO2 with good selectivity to silicon
and photoresist (or other plasma resistant polymers such as ARC) is to add H 2 to
CF4 to build fluorocarbon films resistant to etching [96] [97] [98]. The effect has
been studied in the past and it is believed that the H2 abstracts fluorine on the
surface leaving a carbon-hydrogen film that reduces the etch rate of both SiO 2 and
silicon [99] [100]. Furthermore it is believed that SiO2 etches faster than silicon since
the oxygen can react to create volatile carbon-fluorine-oxygen compounds [101]. This
technique is difficult since bias voltages in excess of 200 volts are required to penetrate
the film and prevent further deposition [102]. Adding helium may also increase the
aspect ratio in etching SiO2 with hydrogenated fluorine plasmas by reducing the gas
residence time [103]. High aspect ratio nanoscale etching is especially challenging in
a research environment where maintaining consistent chamber conditions is difficult.
Chamber history can change the etch rate and make repeatable results difficult [104].
The pattern transfer into the thermal SiO2 was done via an ECR reactive-ion
etcher. See Figures 2-7 and 2-8 for SEM images of the trilayer stack with nearly ideal
and over-developed photoresist layers respectively. The first step was to etch the
interlayer with a mixture of H2 and CF4. This etch was fairly simple. (See figure 2-9
for SEM imagery.) The next step was to etch the 400 nm-thick ARC layer with O2.
Ideally the ARC should be as thick as possible for subsequent SiO2 etching. However,
lateral etching during the ARC etch limited the thickness to 400 nm. It should be
noted that 400 nm is far in excess of any of the local minima or maxima in the
back reflection plots 2-5. As a result back reflections are suppressed and the precise
thickness of the ARC is not important. The process window for the ARC etch was
narrow and the best results for pattern transfer occurred when it was slightly under
etched to minimize lateral etching. Furthermore, the selectivity of the ARC mask
in the etch for the SiO2 was roughly 2:1, and the left over ARC was easily etched.
See Figure 2-10 for an SEM image of an under-etched mask and Figure 2-11 for an
example of an over-etched mask. Even a 10% over etch caused a dramatic reduction
in duty cycle, which was then transferred into the SiO2.
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The etch into the SiO2 was the most difficult and required a precise control of
the ratio of H2 to CF4. The etch required 15 SCCM of H2 to 25 SCCM CF4 at a
pressure of 10 mtorr. If the H2 flow rate was reduced by 1 or 2 SCCM, the selectivity
to ARC changed significantly, and the ARC eroded prior to finishing the etch. This
was particularly destructive as the SiO2 split into pieces instead just etching down
vertically or laterally. See Figure 2-12 for an SEM image of an over-etched SiO 2 mask.
If the H2 flow rate was increased by 1 or 2 SCCM, the etch rate of SiO2 dropped,
and the ARC lines appeared damaged and bent when viewed in a SEM. See Figure
2-13 for an SEM image of an SiO2 mask etched with too much H2. This process
was difficult to repeat since the ECR RIE tool was used everyday by MIT students,
and films inside the chamber walls changed the required ratios of gases, making this
process particularly challenging. It was also interesting that the required bias voltage
was approximately 400 volts. A priori it appears only 5 volts would be sufficient
to etch lines to within a degree of being vertical. The plasma is a non-equilibrium
gas and the ions are assumed cold at room temperature, 300 Kelvin. The thermal
energy is 3
2
kT which is ≈ 0.026 eV. As a result a bias voltage of 5 volts will cause the
ions to have over two orders-of-magnitude more kinetic energy than thermal energy,
which should yield vertical sidewalls. Unfortunately many more factors are involved,
such as charging of the mask and most importantly a fluorocarbon film that requires
at least 200 volts to etch through [102]. Careful experimentation has led to a nice
etch mask; however, repeatability has been difficult. The only way to consistently
etch the SiO2 was to etch small chips, take SEM imagery and either add or subtract
H2 until the selectivity was optimized. 15 SCCM H2 was not always perfect and it
needed to be tweaked between uses of the etch tool. The final etch had nearly vertical
sidewalls and a duty cycle of approximately 50%. See Figure 2-14 for SEM images
of the high quality mask. The exact parameters of the etch have been published [59]
since this mask led to the first CAT grating deep etches. See Table 2.1 for complete
etch parameters.
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Figure 2-7: SEM image of trilayer stack after photoresist exposure.
Figure 2-8: SEM image of trilayer stack after over-developed photoresist exposure.
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(a) Zoomed out view of etched. interlayer
(b) Zoomed in view of etched. interlayer
Figure 2-9: SEM images of interlayer etched via H2 and CF4 RIE.
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Figure 2-10: SEM image of etched ARC via O2 RIE. The ARC is slightly under-
etched.
Figure 2-11: SEM image of etched ARC via O2 RIE. The ARC is slightly over-etched,
and the duty cycle is quite small.
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Figure 2-12: SEM image of destroyed SiO2 hard mask etched via H2 and CF4 RIE. The
SiO2 seems to destructively split in half during over-etching instead of just trimming
down.
Figure 2-13: SEM image of SiO2 etched via too much H2. The flow of H2 and CF4
was 25 SCCM of each gas.
69
(a) Zoomed out view of etched. SiO2
(b) Zoomed out view of etched. SiO2
Figure 2-14: SEM images of etched SiO2 hard mask via H2 and CF4 RIE.
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Device Parameter Interlayer Etch ARC Etch Thermal SiO2 Etch
H2 Flow Rate (SCCM) 25 0 15
CF4 Flow Rate (SCCM) 25 0 25
O2 Flow Rate (SCCM) 0 50 0
ECR Power (Watts) 96 45 96
Bias Voltage (Volts) 612 480 420
Pressure (mTorr) 10 7 10
Chuck Temperature (◦ C) 30 30 30
Time (Seconds) 105 165 1100
Table 2.1: Table of Trilayer Etch Parameters.
2.3 Initial deep etch Results
The 200 nm-pitch thermal SiO2 successfully allowed for a deep etch of silicon to over
5 μm via the SPTS Pegasus tool at the University of Michigan. The effort was led
by SNL lab member Dr. Pran Mukherjee and assisted by University of Michigan
graduate student Alex Kaplan. The key feature of the Pegasus tool is fast switching
between gases for the Bosch process, specifically the etch step and passivation steps
can be done in 1.5 and 1 seconds respectively. This minimized scalloping to a level
below SEM imagery could detect and led to successfully etching CAT grating lines.
The initial process used an etch step with 1100 Watts of coil power which ionizes and
maintains the ICP plasma, 45 Watts of pulsed platen power with 50% duty cycle at
0.1 s intervals which biases the wafer to the plasma, using 80 SCCM of C4F8 and
200 SCCM SF6 for 1.5 seconds. The passivation step had 2000 Watts coil power, 0
Watts platen power, and 150 SCCM of C4F8 for 1.5 seconds. The initial process etch
experiment etched the silicon with no noticeable scalloping; however, it damaged the
mask. See Figure 2-15 for SEM imagery of an early CAT grating deep etch. In Figure
2-14 the SiO2 has approximately 50 nm of ARC left on it. Initially, the remaining
ARC was thought to help the deep etch as it would add more mask. When the ARC
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is etched away and the interface with SiO2 is exposed to a plasma containing carbon
and fluorine, it seems to splinter the SiO2. This is also observed when over etching the
SiO2 mask itself with a plasma containing hydrogen, carbon and fluorine, see Figure
2-12. The cause of this interaction was not discovered, and instead the ARC was
removed via piranha. The cleaned SiO2 worked much better, and CAT grating bars
were etched to over 5 μm. The etch took 9 minutes and the platen power was linearly
ramped from 30 to 66 Watts. The grating bars appear to collapse, and it is not clear
whether this collapse occurred due to cleaving or etching. A longer etch for 12 minutes
was done to attempt a 6 μm-depth, and the grating bars clearly collapsed during the
etch. See Figure 2-16 for SEM images of both the 5 μm-deep and a collapsed etch.
The channels are much deeper in between grating bars that stuck, which suggest the
collapse occurred during the etch. A cross-support structure was required to address
the issue of collapsed grating bars.
(a) Early CAT grating etch (b) Early CAT grating
etch, slanted view
Figure 2-15: Early CAT grating etch attempt on SPTS Pegasus tool. The thermal
SiO2 started to splinter which can be observed. The grating bars also collapsed after
cleaving. 6
6Etch and SEM image taken by Pran Mukherjee
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(a) Early CAT grating etch to
over 5 μm
(b) Early CAT grating etch
where grating bars collapsed
damaging the etch
Figure 2-16: Early CAT grating etch attempt on SPTS Pegasus tool. The CAT
grating etched successfully to 5 μm and the grating bars started to collapse. Longer
etches had total collapse of grating bars, necessitating a cross support. 7
2.4 Initial Two-Dimensional Mask
A priori it was expected that a cross support structure would be needed to make a
freestanding CAT grating. It was not clear if the CAT grating could be etched into
bulk silicon without a cross support. The initial deep etch experiments demonstrated
that a cross support would be needed to etch beyond 5 μm, and this requirement
accelerated the development of a two-dimensional mask. As with the CAT grating
lines, both a lithography and pattern transfer process were required. Interference
lithography via the SNL’s Mach-Zehnder IL tool was chosen for practical purposes
to pattern the cross support referred to as Level 1. Contact lithography can pattern
lines with 1 μm line-widths; however, the IL table has some significant advantages.
It is inside the SNL, which makes it easy to access, and the period can be easily
7Etch and SEM image taken by Pran Mukherjee
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adjusted in a matter of hours by moving the optics. The lines are smoothly patterned
with the IL table; however, during contact lithography line-edge roughness from the
chrome mask is possible with 1 μm features. The duty cycle can also be controlled
between 25 and 50% by changing the exposure dose. Furthermore if dust or dirt is
on the wafer, the defect remains local to that area with interference lithography. A
dust particle will raise the mask for contact lithography, and cause defects over a
much larger area. These practical reasons led to using interference lithography. 5 μm
was the starting period for the Level 1 support. This was an estimate based on prior
freestanding gratings the lab had developed. 5 μm remained the period throughout
this work, though it may change as the process is refined for a space mission. This
large period required a modification to the IL table. The angle of the two arms needs
to be approximately 2◦, and the photodiode detectors for fringe locking would touch
each other at this shallow angle. The solution was to machine a longer arm for one
of the photodiodes to place it behind the other. The fringes could then be measured
by both photodiodes and locked via the Pockels cell.
The pattern transfer process of the Level 1 support into the silicon was the main
challenge. Ideally the Level 1 support mask would be patterned into the same thermal
SiO2 layer as the mask for the 200 nm-pitch CAT grating lines. This would give the
Level 1 masks all the advantages of thermal SiO2 as discussed previously. The first
approach was to evaporate 30 nm of chrome on the thermal SiO2 prior to any of the
CAT grating masking. Ideally the chrome would be patterned, and then the trilayer
stack would be built and patterned over the chrome Level 1 lines. To test this idea,
700 nm of PFI-88 photoresist was then spun on the chrome and patterned via the
IL table. (700 nm of PFI-88 was the only photoresist used for the Level 1 support
lithography throughout the duration of this work.) The chrome was etched via CR-7,
an isotropic wet etchant, and the photoresist was cleaned via Piranha. In order to
test chrome as a mask for thermal SiO2 etching, the thermal SiO2 etch in Table 2.1
was performed on the chrome-masked thermal SiO2. The etch showed what appeared
to be grass. See Figure 2-17 for an SEM image of the initial etch of thermal SiO 2
via a chrome mask. Grass is a phenomenon where the atomic to nm-scale chunks
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of the mask are sputtered during etching, and redeposited on another region of the
sample. The redeposited material mask small regions of the sample creating pillars
that appear like grass. The thermal SiO2 etch had over 400 volts bias, which is in
excess of the required energy to sputter chrome with argon or xenon [105]. As a result
there was a strong suspicion of grass and chrome was abandoned as a mask for oxide.
Figure 2-17: Cross section SEM image of chrome-masked, Level 1 etch of thermal
SiO2. The chrome was wet etched via CR-7 and the line edges appear to have grass.
A more direct approach was to pattern the Level 1 support during the etching of
the trilayer stack. Two experiments were carried out to evaluate this idea. After the
interlayer was etched as shown in Figure 2-9, the remaining photoresist was removed
with acetone. 700 nm of photoresist for the Level 1 support was spun onto this
stack and patterned. The ARC was then etched via the ARC etch in Table 2-9, with
the interlayer masking the CAT lines while the thick photoresist masked the Level
1 lines. This approach failed and no structure was observed in the SEM. Another
approach was similar except the Level 1 support was patterned after the ARC had
been etched as shown in Figure 2-10. The ARC masked the thermal SiO2 for the
CAT grating lines, and the thick photoresist masked the Level 1 lines. This approach
also failed and no lines were observed in the SEM. The last experiment was to etch
the CAT grating into thermal SiO2, clean it via piranha and then pattern the Level 1
photoresist directly on top of the etched SiO2. The thick photoresist masks the deep
etch directly. This idea worked and became the simplest and easiest way to pattern
the Level 1 support. See Figure 2-18 for a SEM image of a two-dimensional mask.
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Figure 2-18: Top down SEM image of two-dimensional, photoresist and thermal SiO 2
mask.
2.5 DRIE with Two-Dimensional Mask
The 5 μm Level 1 support successfully prevented the grating bars from collapsing
during the deep etch. A series of deep-etches were carried out by Dr. Mukherjee and
achieved a depth of nearly 6 μm. The deep etch did show considerable bowing during
these etches; however, it demonstrated the desired depth could be achieved via DRIE.
See Figure 2-19 for an SEM image of the initial deep-etches via the two-dimensional
mask. The final etch conditions are displayed in table 2.2.
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Figure 2-19: Cross section SEM image of deep etch via two-dimensional, photoresist
and thermal SiO2 mask. The etch almost reached the target depth of 6 μm and no
grating bar collapsing was observed.8
Device Parameter Deposition Cycle Etch Cycle
SF6 Flow Rate (SCCM) 0 200
C4F8 Flow Rate (SCCM) 150 80
Coil Power (Watts) 2000 1100
Platen Power (Watts) 0 30-60
Cycle Time (Seconds) 1 1.5
Base Pressure (mTorr) 7.5 7.5
Chuck Temperature (◦ C) -15 -15
Table 2.2: Table of Nanoscale DRIE Parameters 9
The use of photoresist had several drawbacks that made it undesirable. The first
was photoresist could not be easily cleaned without being removed, which was a
problem for two reasons. The development process of the photoresist sometimes left
deposits in the exposed area, filling the CAT grating mask. See Figure 2-20 for an
8Etch, SEM image taken by Pran Mukherjee [59]
9Etch parameters developed by Pran Mukherjee, Alex Kaplan and the SNL. [59]
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SEM image of the contaminated mask. It appeared as if the thermal SiO2 was pulled
through ”scum” on a pond surface prior to drying. As a result the mask needed to
be cleaned via an isotropic O2 plasma referred to as an asher. See Figure 2-21 for an
SEM image of the thermal SiO2 after cleaning. Over ashing damaged the photoresist
mask, preventing it from masking the Level 1 lines.
Figure 2-20: Cross section SEM image of two-dimensional, photoresist and thermal
SiO2 mask showing contamination in CAT grating mask.
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Figure 2-21: Slanted SEM image of two-dimensional, photoresist and thermal SiO 2
mask with cleaned lines. SEM image was taken with a lower quality SEM in the SNL.
As will be discussed later, the mask needs to be cleaned via aggressive cleans such
as piranha. This requirement was the result of bonding the masked, front side of
the wafer, to a carrier during other processing steps. The bonding agent then needs
to be cleaned off, and this cleaning step entirely strips the photoresist mask. The
requirement to be cleanable was the main reason to find alternatives to photoresist as
it would prevent further process development. Photoresist also caused two problems
for large open-area CAT gratings. The minimum duty cycle of photoresist directly
on SiO2 that could be patterned with interference lithography was approximately
25%. Ideally the Level 1 support will block less than 10% of the area and 25% was
unacceptable. Furthermore the photoresist eroded during etching causing a tapered
profile in the silicon. See Figure 2-22 for an SEM image of the tapered Level 1
support bars. The bars widened by roughly 25%, which would further block x-rays.
To address these issues, a two-dimensional thermal SiO2 mask was developed.
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Figure 2-22: Side View SEM image of deep etch via two-dimensional, photoresist and
thermal SiO2 mask. A significant taper can be observed in the Level 1 support bars
in the silicon.10
2.6 Development of Two-Dimensional SiO2 Mask
Further experiments with chrome were the first steps toward combining the Level
1 mask with the CAT grating mask into the thermal SiO2. A poor quality chrome
etch with CR-7 was another hypothesis of why chrome caused grass when used as
a mask for thermal SiO2. The photoresist could have been etched near the edge
of the line, and subsequently some of the chrome could have been etched. To test
this, the experiment with 30 nm of chrome on top of thermal SiO2 was repeated,
except the chrome was etched via a C12 and O2 plasma in an ECR RIE to create
chrome-oxygen-chlorine volatile compounds [106]. The etch had a low (5 volts) bias
voltage to prevent damage to the underlying thermal SiO2. See Table 2.3 for the
etch parameters. The photoresist was stripped, and the SiO2 was etched again with
the last step of Table 2.1. The result was a clean etch demonstrating that chrome
sputtering was not a problem. This led to using chrome as a mask for the thermal
10Etch, SEM image and dimension labels by Pran Mukherjee
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SiO2 under the ARC in the trilayer process. See Figure 2-26 for an SEM image of
the test etch using chrome as a mask for thermal SiO2 etching.
The following process was developed to pattern the chrome Level 1 support lines
with a duty cycle as low as 5%, enabling this process to be used for a flight-quality
CAT grating. The process started with evaporating 30 nm chrome onto the 400
nm-thick thermal SiO2, followed by spinning 340 nm of ARC. The ARC served as
an etch mask for the chrome, and it improved the line quality of the photoresist by
reducing the reflected power. An interlayer of 15 nm of Ta2O5 and 15 nm SiO2 was
then evaporated onto the ARC, and the surface was then cleaned of any organic films
with a UV ozone cleaner for approximately 15 minutes. The interlayer provided an
etch mask for the ARC, and was a very thin layer with respect to the photoresist. A
layer of HMDS was applied prior to spinning a 700 nm-thick layer of photoresist.
The photoresist was exposed on the SNL’s interference lithography table with a
duty cycle of approximately 25%. The key step was to isotropically etch the photore-
sist in an asher to a desired width, then use the remaining photoresist to etch the
interlayer. The ashing step can be repeated to slowly approach the desired line-width
of the Level 1 supports. This idea was taken from the work of Chang et al., who
used isotropic plasmas to reduce line-widths for multiple exposures with interference
lithography [107]. Since the photoresist was 700 nm thick, it could be substantially
trimmed isotropically and still retain enough material to etch the interlayer with a
H2 and CF4 plasma in an ECR RIE. (Photoresist would erode too much, if it were
ashed directly on top of the chrome, since the chrome requires O2 in order to etch.)
The ARC was then etched with O2 in an ECR RIE, followed by etching the chrome
with Cl2 and O2. Finally the wafer could be piranha cleaned to leave the chrome lines
with a period of 5 μm, and line widths as small as 200 nm, or whatever is desired for
structural stability. See Figures 2-23, 2-24, 2-25 and 2-26 for SEM images of the pat-
terned stack, isotropic etching of the photoresist, reactive-ion etching of the chrome
and the final chrome mask. See Figure 2-28 for an SEM image of a low duty cycle
(< 10%) chrome mask test etch for thermal SiO2. This test was done to demonstrate
the effectiveness of the trilayer stack for patterning low duty-cycle chrome masks for
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large open-area CAT gratings.
Figure 2-23: Cross section SEM image of trilayer stack for etching Level 1 chrome
mask. The layers of the stack are bulk silicon, 400 nm thermal SiO2, 30 nm evaporated
chrome Level 1 mask, 340 nm AZ Barli 0.25 μm ARC, 15 nm evaporated Ta2O5/SiO2
(interlayer) and 700 nm photoresist for pattern transfer.
Figure 2-24: Cross section SEM image of trilayer stack for etching Level 1 chrome
mask. The photoresist has started to be isotropically trimmed via ashing to reduce
the duty cycle.
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Figure 2-25: Cross section SEM image of trilayer stack for etching Level 1 chrome
mask. The ARC and chrome have been etched.
Figure 2-26: Cross section SEM image of chrome mask for Level 1 etch of thermal
SiO2.
Figure 2-27: Cross section SEM image of chrome-masked, Level 1 etch of thermal
SiO2. The chrome was dry etched via Cl2 and O2 ECR RIE, and the etch is clean.
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Figure 2-28: Cross section SEM image of chrome-masked, Level 1 etch of thermal
SiO2. The duty cycle is low demonstrating how the trilayer stack can lead to narrow
Level 1 supports for future large open-area CAT gratings. The chrome was dry etched
via Cl2 and O2 ECR RIE, and the etch is clean.
Device Parameter Chrome Etch
Cl2 Flow Rate (sccm) 30
O2 Flow Rate (sccm) 30
ECR Power (Watts) 400
Bias Voltage (Volts) 5
Pressure (mTorr) 10
Chuck Temperature (◦ C) 25
Time (Seconds) 180
Table 2.3: Table of chrome Etch Parameters
The Level 1 patterned wafer was then re-coated with a trilayer stack. The ARC
thickness was increased to approximately 500 nm and the photoresist reduced to 100
nm. The sample was etched with a similar process as outlined in table 2.1. The
thermal SiO2 was masked with both the ARC for the 200 nm lines and chrome for
the 5 μm lines. This mask was then cleaned of any remaining ARC and chrome, and
a DRIE could then be performed into the silicon. The initial two-dimensional masks
had tapered sidewalls for the CAT grating and were not ideal. See Figure 2-29 for an
SEM image of an early two-dimensional thermal SiO2 with tapered sidewalls. The
ECR RIE tool would not etch the thermal SiO2 with consistent selectivity to ARC.
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500 nm of ARC was used in an effort to improve etch reliability. Unfortunately 500
nm of ARC was laterally etched too much during the O2 etch step, and became a
very low duty-cycle mask for the SiO2. Experiments with lowering the bias voltage
led to successful SiO2 masks; however, the low bias-voltage resulted in tapered side-
walls. This mask never enabled deep-etches to 6 μm; however, it did demonstrate
that thermal SiO2 would not lead to tapered etches in the Level 1 silicon supports.
See Figure 2-30 for a side view SEM image of the deep etch masked with a two-
dimensional thermal SiO2 mask. Approximately no tapering was observed in the
Level 1 supports. Furthermore an attempt was made to demonstrate the integration
of low duty-cycle Level 1 supports during the initial two-dimensional thermal SiO 2
experiments. Unfortunately the etch of the thermal SiO2 did not go smoothly due to
consistency issues with the ECR RIE system. However, the low duty-cycle Level 1
support was integrated with the CAT grating into the thermal SiO2. See Figure 2-31
for an SEM image of the low duty-cycle two-dimensional thermal SiO2 mask.
Figure 2-29: Cross section SEM image of two-dimensional, thermal SiO2 mask. This
was one of the first masks and too much ARC was used in the trilayer stack resulting
in poor pattern transfer.
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Figure 2-30: Side View SEM image of deep etch via two-dimensional thermal SiO 2
mask. Almost no taper can be observed in the Level 1 support bars in the silicon. Note
the CAT grating was over-etched and destroyed. The image serves to demonstrate
the advantage of thermal SiO2 to photoresist for a mask.
11
Figure 2-31: Top down SEM image of two-dimensional thermal SiO2 mask with very
low duty-cycle Level 1 support lines. The CAT grating mask was badly damaged
from other processing, and the image serves as an example of how the trilayer-etch
process can produce low duty cycle support gratings.
2.7 Chrome Masks Experiments
This section presents a set of experiments to use chrome in the process for SiO 2 masks.
It also presents experiments to use chrome directly as a mask for silicon etching and
using chrome with SixNy and SiO2 masks.
11Etch, SEM image and dimension labels by Pran Mukherjee
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2.7.1 Chrome as a Mask for SiO2
Inconsistent etch results of the thermal SiO2 led to experimentation with chrome as
a mask for the SiO2. The idea was to cap the SiO2 with a thin layer of chrome (5
nm) to prevent the destructive damage of over-etching the thermal SiO2 as observed
in Figure 2-32. These experiments were not successful since the etch of the chrome
layer required O2, which laterally etched the ARC. See Figure 2-37 for an SEM image
of the ARC on top of the etched chrome-cap layer. The ARC has been significantly
laterally etched by the etch into the chrome.
Figure 2-32: Cross section SEM image of a trilayer stack with 5 nm-thick chrome
layer protecting the thermal SiO2. The ARC is laterally etched, demonstrating the
difficulty of this technique.
To address this issue a complicated stack was created to etch the SiO2. The
experiment involved repeating the steps for the two-dimensional SiO2 mask, and
stopping before applying the trilayer stack for the CAT grating lines. A sandwich of
SiO2/chrome/SiO2 (10/30/30) nm was evaporated onto the Level 1 patterned sub-
strate. The trilayer stack was applied over this stack with 200 nm ARC. See Figure
2-33 for a drawing of this complicated stack. The stack was designed such that each
layer was highly selective to the next in an RIE. 30 nm of chrome was the mask
for the thermal SiO2. 10 nm of SiO2 was evaporated to protect the perpendicular
chrome Level 1 support lines during the etch of the chrome mask for the CAT grating
lines. 30 nm of evaporated SiO2 acted as the mask for the chrome. The ARC could
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also be much thinner since it only needed to mask 30 nm of SiO2. The remainder
of the stack was the standard interlayer and 150 nm of photoresist. This stack suc-
cessfully enabled a two-dimensional thermal SiO2 mask; however, etching multiple
layers proved cumbersome and not always reliable. The layers of evaporated SiO 2
and chrome were thin, and determining if they were completely etched was difficult
with an SEM. See Figures 2-34, 2-35, 2-36 for SEM images taken after the ARC, first
layer of evaporated SiO2 and midway through the etch of the thermal SiO2. Ulti-
mately a two-dimensional mask was created with this stack; however, the duty cycle
of the CAT grating lines was over 50%. See Figure 2-37 for an SEM image of the
two-dimensional thermal SiO2 mask. The large duty cycle meant narrow channels,
and this reduced the etch rate by at least 20%. The etch rate dependence on channel
width suggests the deep etch is diffusion limited. As a result masks with different
duty cycles could significantly change the etch rate of the CAT grating, which means
a consistent mask is important.
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Figure 2-33: Drawing of film stack of bulk silicon, 500 nm buried SiO2, 6 μm device
Silicon, 400 nm thermal SiO2, 30 nm evaporated chrome Level 1 mask, 10/30/30 nm
evaporated SiO2/chrome/SiO2, 200 nm AZ Barli 0.25 μm ARC, 15 nm evaporated
Ta2O5/SiO2 (interlayer) and 150 nm photoresist for pattern transfer.
Figure 2-34: Cross section SEM image of multi-layer stack for etching thermal
SiO2. The interlayer and ARC has been etched. The 10/30/30 nm evaporated
SiO2/chrome/SiO2 can be observed though it is difficult to distinguish the layers.
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Figure 2-35: Cross section SEM image of multi-layer stack for etching thermal SiO 2.
The top layer of evaporated SiO2 has been etched and the chrome is next.
Figure 2-36: Cross section SEM image of multi-layer stack for etching thermal SiO 2.
The thermal SiO2 has been partially etched under the chrome mask. A slight taper
can be observed in the chrome and thermal SiO2.
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Figure 2-37: Cross section SEM image of two-dimensional, thermal SiO2 mask. This
masks used chrome in the pattern transfer stack to mask both the Level 1 and CAT
grating in the SiO2. Multiple layers made it difficult to etch consistently and the duty
cycle is in excess of 50%.
2.7.2 Chrome and Alternative Masks for Silicon
The experiments with chrome as a mask for SiO2 led to experiments using chrome
as a direct mask for the deep etch into silicon. Experiments with both 30 and 50
nm chrome were patterned directly on silicon using a similar stack as described for
the SiO2. Specifically the stacks were 30/30 nm chrome/SiO2, approximately 220 nm
ARC, standard interlayer and 200 nm photoresist. The other stack was 50/50 nm
chrome/SiO2, approximately 200 nm ARC, standard interlayer and 200 nm photore-
sist. No Level 1 support was patterned since these etches were targeted at 4 μm, and
were purely for proof of concept. The standard deep etch recipe was performed on the
chrome mask with success. The etch was uniform except in a few places where the
photoresist lines collapsed during development. No noticeable vertical mask erosion
was observed and 30 nm of chrome was sufficient for a 4 μm deep etch. See Figures
2-38 and 2-39 for SEM images of the 30 nm-thick chrome mask, and deep etch via
this mask. The silicon had a noticeable taper during the first 200 nm of etching. The
remainder of the etch was vertical with some minor bowing as observed with SiO 2
masks. Given the selectivity was in excess of 133:1, a longer deep etch was attempted
to observe the limits of the etch. The etch successfully etched to a depth of 6.5 μm,
91
which was the deepest etch ever reported at this pitch. The etch was also limited by
bowing, not mask erosion since deeper etches would destroy the silicon from lateral
etching. The selectivity of chrome to silicon is therefore at least 216:1, for nanoscale
DRIE. See Figure 2-40 for an SEM image of this ultra-deep etch. This particular
sample was etched twice with the same parameters as in table 2.1 except for platen
power and times. The first etch was for 5 minutes with a platen power ramp from
30-57 watts and then another for 11 minutes from 40-57 watts. The back to back
etches were a result of human error and the sample was meant to etch for 16 min-
utes. Regardless the etch result demonstrates deeper etches are possible with chrome
masks.
Figure 2-38: Cross section SEM image of 30 nm-thick chrome mask for deep etch
tests.
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Figure 2-39: Cross section SEM image of deep etch results via 30 nm-thick chrome
mask.
Figure 2-40: Cross section SEM image of deep etch to over 6.5 μm via 30 nm-thick
chrome mask.
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2.7.3 Chrome on SixNy as a Mask for Silicon
The successful use of chrome as a mask for deep-etching led to experiments with
combining chrome and low stress silicon nitride. After DRIE, the silicon requires
further polishing in KOH. Chrome would not likely be a suitable mask for KOH
masking; however, as demonstrated by Ahn, SixNy is an idea mask for KOH [43]. As
a result an experiment was conducted where the substrate was first coated with 35
nm of low-pressure chemical vapor deposition (LPCVD) SixNy, followed by 30 nm of
evaporated chrome. The concept was to use the chrome to mask the deep etch, then
remove it and use SixNy as the mask for KOH polishing. The chrome was pattered
with the same stack technique as was done for a chrome mask directly on silicon.
The SixNy was etched with with CF4 in an ECR RIE. A Level 1 support mask was
patterned as well. After the chrome had been etched, a simple mask of just 700 nm
of photoresist was patterned. 700 nm of photoresist was sufficient to mask the etch of
the SixNy and subsequent deep etch into silicon. The chrome/SixNy mask successfully
enabled 4 μm deep-etching with marginal KOH polishing results. See Figures 2-41
and 2-42 for SEM images of the 30 nm-thick chrome on 35 nm SixNy mask, and result
of the deep etch via this mask. The results of the KOH polishing will be discussed
later. Although this mask technique demonstrated decent results, it was difficult to
control the duty cycle and achieve consistency.
Figure 2-41: Cross section SEM image of 30 nm-thick chrome and 35 nm SixNy mask.
A photoresist Level 1 support mask is also shown in the background of the slanted
view. Note, this mask was aligned to the {111} planes and this etch was later used
for KOH polishing.
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Figure 2-42: Cross section SEM image of deep etch results via 30 nm-thick chrome
and 35 nm SixNy mask. Note, this mask was aligned to the {111} planes and this
etch was later used for KOH polishing.
2.7.4 Image Reversed via Liftoff chrome on SixNy as a Mask
for Silicon
Liftoff was used to make a simple mask via chrome for process development. This
technique was developed for large duty-cycle patterns that masked shallower deep-
etches to 2-3 μm as a tool for debugging the KOH polishing work. The process was
simple: 100 nm of XHRiC-11 ARC and 200 nm of photoresist were applied over the
SixNy. The photoresist was exposed and developed, and the ARC was etched via an
O2 ECR RIE. The photoresist was laterally eroded during the etch, and the duty
cycle of the final etched pattern was approximately 25%. 20 nm of chrome was then
evaporated over the patterned sample, followed by a piranha clean. The cleaning
step removes the ARC and chrome-covered photoresist. The result was a chrome
mask with a large duty cycle, approximately 75%. The SixNy was etched and this
mask successfully enabled deep-etches to 2-3 μm depths. The details of the polishing
will be discussed later; however, the liftoff process proved successful and is a useful
tool for image reversal and simple masking. See Figure 2-43 for a drawing of how
the liftoff process works and Figure 2-44 for an SEM image of a deep etch via the
image-reversed mask.
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Figure 2-43: Conceptual drawing of lift off process.
Figure 2-44: Cross section SEM image of deep etch results via image reversed 20
nm-thick chrome and 35 nm SixNy mask. Note, this mask was aligned to the {111}
planes and this etch was later used for KOH polishing.
2.7.5 Shadow Masked chrome on SiO2 as a Mask for Silicon
Shadow masking is another technique that takes advantage of chrome for deep-
etching. The concept is to start with a sample masked with another material such as
photoresist or SiO2, and evaporate chrome such that it is deposited only on the top
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and sidewalls of the original mask. This is done by rotating the sample significantly
(45◦), and evaporating chrome on the sample. The original mask material shadows
the chrome from depositing in the channels. Two evaporations are needed for sym-
metry. This technique was used for two reasons: it increased the line width of the
original mask and it improved the selectivity of the original mask for deep-etches.
This was quite useful as a technique to salvage masks that were damaged during
processing and had very small duty-cycles. Furthermore, given chrome’s extremely
high selectivity, 5 nm of chrome could be added to vastly improve selectivity with-
out significantly altering the duty cycle, should that be desirable. See Figure 2-45
for an SEM image of a thermal SiO2 mask that was too thin for deep-etching. See
Figures 2-46 and 2-47 for SEM images of the mask salvaged via shadow masking, and
successfully deep-etched.
Figure 2-45: Cross section SEM image of low duty cycle thermal SiO2 mask. The
lines of this mask are too thin for the deep etch process.
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Figure 2-46: Cross section SEM image of thin thermal SiO2 mask shadow masked via
2 x 15 nm chrome evaporations at 45◦. 12
Figure 2-47: Cross section SEM image of deep etch via thin thermal SiO2 mask shadow
masked via 2, 15 nm chrome evaporations at 45◦. Note, this mask was aligned to the
{111} planes and this etch was later used for KOH polishing.
2.7.6 ARC as a Mask for Silicon
In addition to chrome, experiments with ARC were carried out to determine if it
could be a suitable mask for deep-etching. This was as an effort to find simpler
masking techniques. A trilayer stack was patterned directly on silicon with 300 nm
of ARC. This ARC mask (with the interlayer) was then tested for deep-etching,
and it successfully withstood 5 minutes of the deep etching and achieved a depth
12Shadow evaporation done by Jim Daley in the NSL
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of approximately 3 μm. These results were not sufficient for CAT grating work,
although they may have value for other applications and are included here as data
for the research community. See Figures 2-48 and 2-49 for SEM images of the 300
nm-thick ARC mask, and result of the deep etch via this mask.
Figure 2-48: Cross section SEM image of 300 nm-thick Barli 0.25 μm ARC mask for
deep etch tests.
Figure 2-49: Cross section SEM image of deep etch results via 300 nm-thick Barli
0.25 μm ARC mask.
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2.8 Refined Process for 300 nm-Thick two-dimension
Thermal SiO2 Mask
Although chrome showed promising results, it was difficult to pattern and process
with the tools available. Furthermore as will be discussed later, sidewall smoothness
is very important for polishing. The smoothest deep-etch results were achieved with
thermal SiO2, and the mask could be used for both DRIE and KOH. Given the relaxed
requirement of the CAT grating depth to 4 μm, 300 nm of thermal SiO2 could be
used instead of 400 nm. This enabled the reliable development of a two-dimensional
thermal SiO2 mask.
The process was similar to previous processes, except a few simplifications were
made. 30 nm of chrome was used as a mask for the Level 1 support on the thermal
SiO2. A trilayer stack was not used to pattern the Level 1 support. Instead 100
nm of Brewer Sciences XIRIC-11 ARC and 700 nm resist was used. The adhesion
of photoresist directly on ARC was sufficient to enable duty cycles of approximately
15%, which was fine for process development. The ARC was etched with an O2
ECR RIE followed by etching the chrome via Cl2 and O2 ECR RIE. The sample was
piranha cleaned and a trilayer stack was applied and patterned. The stack had 400
nm Barli 0.25 μm ARC, standard interlayer and approximately 120 nm photoresist.
(120 nm of photoresist was enough to pattern with smooth sidewalls, yet thin enough
to reduce surface tension forces and prevent collapse during drying from development
[108].) The interlayer etch was modified to simply use the same etch for thermal
SiO2 from table 2.1 for 160 seconds. The ARC etch was modified significantly to
achieve much nicer results. The chuck temperature was set to 10◦ C (measured at
16◦ C), and the flow rate was dropped to 15 SCCM from 50 to lower the pressure
to 3 mTorr. The reactivity of the ARC reduces at lower temperatures, hence ion
bombardment drives more of the etching. Furthermore the mean free path of the gas
increases at lower pressures, which reduces the flux of neutral oxygen species on the
grating sidewalls. Both of these effects reduce lateral etching and enable more vertical
profiles. See Figure 2-50 for an SEM image of ARC etched via this lower temperature
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and pressure etch. This higher quality ARC mask in addition to the chrome Level
1 mask, enabled excellent results for the final thermal SiO2. The etch was the same
as in table 2.1 except it only required between 600 and 850 seconds. Shorter etches
meant the ARC had more margin and consistent etching was achieved. See Table 2.4
for a summary of the etch parameters.
Device Parameter Interlayer Etch ARC Etch Thermal SiO2 Etch
H2 Flow Rate (SCCM) 15 0 15
CF4 Flow Rate (SCCM) 25 0 25
O2 Flow Rate (SCCM) 0 15 0
ECR Power (Watts) 96 45 96
Bias Voltage (Volts) 420 300 420
Pressure (mTorr) 10 3 10
Chuck Temperature (◦ C) 30 16 30
Time (Seconds) 160 275 850
Table 2.4: Table of improved trilayer etch parameters.
This mask had an area at least 6 cm across and 4 cm high with approximately 50%
duty cycle, smooth and vertical sidewalls. A mask of this quality, pitch and area has
not been reported previously, and it enabled further progress in nanoscale DRIE and
KOH polishing to be discussed further. See Figures 2-51 and 2-52 for SEM images
of the mask cross section. See Figures 2-53 and 2-54 for top down SEM images. A
zoomed out image is shown to show the quality of the mask over larger areas.
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Figure 2-50: Cross section SEM image of 400 nm-thick Barli 0.25 μm ARC etched via
the improved process. This ARC was patterned directly on silicon to test the etching
process.
Figure 2-51: Cross section SEM image of 300 nm-thick, two-dimensional thermal SiO 2
mask.
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Figure 2-52: Slanted cross section SEM image of 300 nm-thick, two-dimensional ther-
mal SiO2 mask.
Figure 2-53: Top down SEM image of 300 nm-thick, two-dimensional thermal SiO 2
mask.
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Figure 2-54: Zoomed out top down SEM image of 300 nm-thick, two-dimensional
thermal SiO2 mask.
One mistake was made after etching the sample. Some contamination was ob-
served on the samples after cleaning. See Figure 2-55 for an SEM image of the
contaminated mask. To remove the contamination a modified RCA step 1 clean was
used. The clean used 1:1:1, H2O:H2O2:NH4OH instead of 5:1:1. (Both the H2O2 and
NH4OH start at 30% and 29% concentration respectively.) The solution was heated
to 100◦ C and the wafers cleaned for 30 minutes. This aggressive solution removed 10
to 20 nm of SiO2 on each clean, and several cleans were done to the wafers depending
on other process steps. Although thermal SiO2 is a very resilient mask material, the
additional hydroxide ions at high temperatures etch it enough to destroy 200 nm-
pitch mask over several clean cycles. This led to either destruction of the masks or a
significant reduction in the duty cycle. See Figure 2-56 for an SEM image of a mask
that was eroded and destroyed due to this highly concentrated RCA clean. (The sam-
ple in Figure 2-45 was thinned via this concentrated RCA step 1 clean.) Fortunately
many sample were only cleaned once and demonstrated high quality deep-etches and
polishing results.
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Figure 2-55: Slanted cross section SEM image of 300 nm-thick, two-dimensional ther-
mal SiO2 mask.
Figure 2-56: Top down SEM image of 300 nm-thick, two-dimensional thermal SiO 2
mask that has been eroded from an overly aggressive RCA step 1 clean.
2.9 Summary of Mask Development
Several different masking techniques have been demonstrated for masking deep-etches
of silicon to depths of 4 and 6 μm at 200 nm-pitch. A process is presented for a
high quality two-dimensional thermal SiO2 mask. In addition several processes for
chrome are presented for etching both silicon and SiO2 with high selectivity. The
key development is to use multi-layer stacks to pattern transfer photoresist into hard
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masks. These stack were designed to boost the selectivity of the etches into the various
materials presented to allow for aggressive reactive and deep reactive-ion etching. As
will be discussed, these masks led to the successful development of freestanding CAT
gratings.
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Chapter 3
Large Open-Area Freestanding
Grating
3.1 High Level Fabrication Methodology
Several approaches were considered to create a freestanding CAT grating. They all
utilized SOI wafers that have three main layers: handle, buried SiO2 (BOX) and
device. The handle layer, referred to as the back side, is used for support and was
500 μm thick. The BOX for the CAT grating served as an etch-stop layer and was 500
nm thick. The device layer, referred to as the front side, was for the CAT grating and
level 1 support structure and was 6 or 4 μm thick. SOI wafers are commonly used in
MEMS and semiconductor processing, and they can be purchased from vendors with
custom specifications. It is also possible to have vendors grow thermal SiO 2 on the
wafer for use as an etch mask. This thermal oxide coats the back side as well which
could be used as added mask during processing.
There are three different approaches to fabricating a freestanding structure with
an SOI wafer. The back side can be etched first, followed by etching the CAT grating
on the front side. Alternatively the CAT grating can be etched first, followed by the
back side. Both of these approaches require a removal step of the BOX to create
a freestanding structure. The other approach is to use multiple wafers. The CAT
grating and level 1 support could be etched in the device layer, and then be separated
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as a film. This film could then be bonded to a wafer that has been through-wafer
etched to create a freestanding structure. This last idea was never experimented
with. Small distortions in the film could compromise the resolution of the grating
and wafer stacking is still quite new [109]. Experiments were done with both the
first two approaches and ultimately the front side first approach worked to fabricate
a freestanding grating. See Figures 1-12 and 1-13 for computer-aided design (CAD)
depictions of freestanding gratings.
3.2 Back Side Etching
The back side etch was also performed with a Bosch process that successfully stopped
on the buried oxide. Experiments were done with different back side patterns for the
level 2 structural support. Two pattern shapes were experimented with: a periodic
hexagonal pattern to create a honeycomb structure and a periodic square pattern.
Experimented were carried out with different sizes ranging from 0.5 mm to 1.5 mm
with duty cycles of 10%. These sizes were tried since the x-ray beam at LBNL is
roughly 1 mm across. There was not much difference between the various structures
and the level 2 structure for the initial freestanding grating work comprised of 1
mm-pitch hexagons with 100 μm-wide lines, spanning 31 mm on a side. The lithog-
raphy was done via contact lithography. The mask for etching the silicon was 4 μm
PECVD SiO2 and 400 nm thermal SiO2. Initial experiments used 10 and 20 μm of AZ
Electronic Materials 4620 photoresist as the mask. Photoresist as the mask proved
unreliable and PECVD SiO2 was more durable, leading to consistent through-wafer
etches. See Figure 3-1 for an SEM image of the back side etch.
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Figure 3-1: Zoomed out, bottom view SEM images of the back side etch.
The Bosch etch for this process was standard as the feature sizes were large;
however, uniformity was an issue. The edges of the silicon sample were observed
to etch faster than the center. The likely reason is that etching near the edge can
diffuse reactants and products faster than at the center. The edges and vertices of
each individual mm-scale hexagon also etch slower than the center, leaving a circular
region of etched area. See Figure 3-20 for a bottom up SEM image of the back side
etch where this effect can be observed. This was likely due to the sidewalls shadow-
masking the reactive neutral fluorine species during the etch. (The effect was observed
more with square patterns rather than hexagons, which suggest shadowing from the
wall was significant.) These non-uniformities during the etch were acceptable since
the etch could be halted, and the sample removed from the tool. The finished edges
of the chip were covered with protective silicon chips. This process was repeated
several times until all of the hexagons were finished. This procedure protects the
finished hexagons from over-etching while the center hexagons finish. Furthermore,
the buried SiO2 was 500 nm-thick, which allowed for some etch non-uniformity before
being compromised.
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3.3 Back Side First Experiments
The first experiment was to etch the back side first. The experiment was a joint lab
effort, and the deep etches etches were done by Dr. Mukherjee at the University of
Michigan. This experiment attempted to achieve CAT grating depths of 6 μm as well.
The effort was based on prior work from Mukherjee et al. for developing freestanding
grating to a depth of 2 μm with a pitch of 240 nm [35]. The concept was to have
an SOI wafer with masks etched into the front and back side. The front side was
bonded to a carrier wafer via water soluble wax Crystalbond 555 (Structural Probe,
Inc.) and the back side was etched to the BOX. Carrier wafers are full 100 mm wafers
that the sample wafer rest on during a process step. They were used since the etch
tools require full 100 mm wafers to protect the tool chuck from plasma exposure and
to maintain a seal between the wafer and chuck for helium coolant. See Figure 3-2
for a conceptual drawing of a sample mounted on a carrier wafer.
Figure 3-2: Cross section drawing of a sample mounted on a carrier wafer.
The back side in this initial attempt was masked via 20 μm AZ 4620 photoresist
and sometimes with an additional 400 nm thermal SiO2. The sample was heated to
80◦ C to remove it from the carrier, and the crystalbond cleaned from the front side
mask. The sample was then bonded to a carrier for front side etching. The carrier
had holes etched through it to allow the helium cooling from the chuck on the etch
tool to contact the membrane. The front side was then etched with the CAT grating
etch previously presented. See Figure 3-3 for a conceptual schematic of the back side
110
first process. See Figure 3-4 for an SEM image of the two-dimensional thermal SiO 2
mask on top of the device layer. The BOX and handle layer can also be observed.
This mask was made via the complicated chrome stack depicted in Figure 2-33. This
etch experiment destroyed the CAT grating bars. See Figures 3-5 and 3-6 for SEM
images of the initial experiment for a 6 μm-thick freestanding CAT grating.
Figure 3-3: Conceptual drawing of back-side-first process.
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Figure 3-4: Cross section SEM image of two-dimensional thermal SiO2 mask with
device layer and BOX in view. This device layer was 6 μm-thick.
Figure 3-5: Cross section SEM image of initial freestanding CAT grating experiment
with the back side etched first. The CAT grating bars are destroyed; however, the
places where they intersected the Level 1 supports can be observed.
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Figure 3-6: Cross section SEM image of initial freestanding CAT grating experiment
with the back side etched first. The CAT grating bars are destroyed and where they
intersected the level 1 can be observed.
The exact cause of the failure was not identified and many months were required to
setup this experiment. As a result there was not enough data to make conclusions on
the mechanism of the failure, although several speculations are made. The most likely
suspect was the thermal environment. The deep etch process presented previously
was developed on bulk silicon. The front side etch in this experiment was done on
a thin membrane on top of helium at 10 Torr. Helium has a thermal conductivity
of approximately 0.14 W
m∙K at -15
◦ C and 1 atmosphere, and conservatively assuming
the conductivity remains the same at 10 Torr [110], it is approximately 1,000 times
lower than silicon, 150 W
m∙K [111]. This vastly alters the thermal environment and
could easily change the Bosch etch, which requires low temperatures to reduce lateral
etching. It was also possible that the mask had too large a duty cycle, and the narrow
channels resulted in an etch with too much bowing. It is also possible the mask was
damaged from the crystalbond and cleaning process.
In addition to failing on the initial attempt, the back side first process has several
other drawbacks. After the back side is etched, the device layer for the CAT grating
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is now a thin membrane. The CAT grating needs to be aligned carefully to the
{111} planes for subsequent KOH polishing. This is a particular problem for the
process with the back side etch first since the membrane rests on a buried SiO2 layer.
Thermal SiO2 causes compressive stress, which buckles and deforms the membrane.
The deformed membrane leads to angled CAT grating lines, which can be in excess
of 1◦, twice the required alignment tolerance to the {111} planes. There are practical
draw backs as well. As mentioned previously, the two-dimensional thermal SiO 2
mask was developed for this process since it could be aggressively cleaned. That
mask took months to fabricate and added to the complexity of the back side first
process. Lastly any tears in any of the membranes allows helium to leak into the etch
chamber, which made process development challenging since all broken membranes
needed to be sealed.
3.4 Front Side First Experiments
This sections describes experiments to create a 200 nm-pitch grating via etching the
front side first. This includes a process to protect the 200 nm-pitch grating bars and
an integrated front and back side process.
3.4.1 Front Side Etch with Stop on BOX
The front side was masked with 400 nm of thermal SiO2 for the CAT grating and
700 nm photoresist for the level 1 supports. See Figure 3-7 for an SEM image of
this mask, where the device layer and BOX can be observed. The duty cycle was
lower than previous experiments, which increased the etch rate. The device layer was
reduced to 4 μm for this process. Prior etching work for 6 μm-deep CAT gratings
had masking and undercutting limitations, which never showed clear evidence that
the etch could stop on a buried SiO2 layer. There was some concern that charging in
the buried SiO2 could direct ions toward the grating bars and cause notching [112].
Experiments with 4 μm deep etches showed that a clean stop on SiO2 can be achieved
when using a low frequency platen power of 380 kHz [113]. The etch parameters were
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the same as those presented in table 2.2, except that the etch time was 9 minutes
and the platen power was linearly ramped from 30 to 57 Watts. This etch stop is
critical for patterning CAT gratings, since a uniform and completely etched grating
will remain after the final removal of the buried SiO2. See Figure 3-8 for an SEM
image of the front side deep-etch stopped cleanly on the BOX. The grating bars show
no notching and less bowing than previous etches to nearly 6 μm.
Figure 3-7: Cross section SEM image of thermal SiO2 mask with device layer and
BOX in view. The level 1 support was not patterned yet and this device layer was
nearly 4 μm-thick.
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(a) Zoomed out
(b) Zoomed in on BOX
Figure 3-8: Early CAT grating etch with 4 μm-thick device layer. A clean stop on
the BOX is observed. The grating bars also have less bowing than 6 μm etches. 1
3.4.2 Front Side Fill Process
The key step that enabled etching the device layer first was the fill and clean process
of the CAT grating bars. A priori it seemed unlikely that channels ∼ 100 nm wide by
4 μm deep would fill with a polymer; however, they filled completely with photoresist.
Furthermore the channels could be completely cleaned via two piranha cleans. The
photoresist acts purely as a strippable protective material, and it is likely that other
1Etch and SEM image taken by Pran Mukherjee
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polymers could also fill the grating channels. The specific process includes filling
with two coatings of PFI-88A7 and one coat of AZ 4620 (AZ Electronic Materials)
photoresist. Each coat is spun at 3000 rpm, placed in vacuum (≈ 0.25 atm) for
outgassing and hotplate baked at 90◦ C for 60 seconds. With the CAT grating filled
with photoresist and thus protected, the sample can be bonded to a carrier wafer for
back side etching. See Figure 3-9 for an image of the filled 4 μm deep grating. The
fill and clean process has also been tested to 6 μm depth successfully. This builds
confidence that this method can lead to gratings of much greater depths, which will
enable higher energy x-rays to be diffracted efficiently.
Figure 3-9: Cross section SEM image of CAT grating filled with photoresist.
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3.4.3 Integrated Process
An integrated front-back side process was developed with the reliable front side pro-
cess that could protect the CAT grating. The process is outlined in Figure 3-10 and it
started with an SOI wafer. The back side mask was coated with 4 μm PECVD oxide
completing the substrate preparation (F1). The back side was honeycomb patterned
and the trilayer stack was then applied to the front side and the 400 nm-thick layer
of thermal SiO2 was patterned. This was followed by the level 1 support structure
in photoresist to finish the lithography (F2). The front side was then deep-etched
(F3), filled and protected (F4), flipped over and bonded to a carrier wafer. The back
side was then deep-etched to the BOX (B1). See Figure 3-11 for a three-dimensional
CAD drawing of the process at step B1. After the back side was etched, the buried
SiO2 was removed with a wet HF etch (B2). The chip was then immersed in water ≈
80◦ C until the crystalbond melts and the sample floats off the carrier. The remain-
ing photoresist was stripped from the grating channels with two successive piranha
cleans. At this point the grating bars were fragile and could not be dried in air, since
surface tension of the liquid during drying will pull them together. Instead they are
kept submerged and critical-point dried to avoid the formation of liquid-air interfaces.
Finally, the sample was placed in an isotropic O2 plasma to remove any remaining
organic material within the grating bars (B3). The result was a fully integrated CAT
grating structure with Level 1 and 2 supports. The photoresist filling was entirely re-
moved and the grating bars were undamaged, which can be observed in SEM imagery.
Sample pieces were torn with tweezers and tape for SEM inspection (see Figure 3-12).
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Figure 3-10: Process flow chart.
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Figure 3-11: 3-D cross sectional view CAD drawing of sample bonded to carrier wafer
and back side etched
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(a)
(b)
Figure 3-12
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(c)
Figure 3-12: Electron micrography of freestanding grating. (a) Zoomed out view of
cleaved cross section of freestanding grating film. (b) Zoomed in view of cleaved cross
section of freestanding grating film. (c) Back side view of grating film showing CAT
grating and Level 1 support lines clearly fully etched through from above. ”Wiggli-
ness” in the lines is due to microscope vibrations. Note, Figures 3-12a and 3-12b are
from the same sample which is different than the sample for Figure 3-12c.
3.5 Initial Failed Attempts via Front Side First
Process
This section describes some of the failures that occurred during the process develop-
ment of the freestanding grating via the front side first process. This includes grating
bar stiction, incomplete etching and poor quality back side etches.
3.5.1 CAT Grating Bar Stiction
Previous deep etch experiments could be submersed in water and dried in air, without
bars sticking from surface tension. This was on bulk silicon where three sides are
pinned. When the structure is freestanding, only two sides are pinned and it is less
rigid. As a result surface tension caused the bars to stick. See Figure 3-13 for an
SEM image of an experiment where the CAT grating bars were stuck. In order to
prevent this, critical-point drying is used to dry the sample in a supercritical fluid
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where there is no boundary between liquid and gas.
Figure 3-13: Cross section SEM image of attempt to create freestanding. The sample
was not critical-point dried and the bars stuck together.
3.5.2 Incomplete Front Side Etching
The initial etching did not have a consistent etch rate and samples with masks of
smaller duty-cycle etched faster. As a result between 9 and 10.5 minute etches were
required. The initial etch that stopped cleanly on the BOX was done for 9 minutes;
however, future attempts at that time failed to hit the BOX. See Figure 3-14 for
an SEM image of an incomplete front side deep-etch that was carried through the
process for a freestanding grating.
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Figure 3-14: Cross section SEM image of freestanding grating attempt that failed due
to an incomplete front side etch.
To address this issue there were two options: over etch the sample or build an end-
point detection system that would notify the user when the etch reached the BOX. A
preliminary end point system was constructed by Dr. Mukherjee and SNL graduate
student Jay Fucetola. The concept was to shine a laser beam onto the sample during
etching and monitor the power of the reflected beam. As the device layer etches, the
optical path length changes, and when it is integer multiples of the laser wavelength,
constructive interference occurs. Alternatively when the optical path length is half
of a wavelength, destructive interference occurs. In theory, the reflected beam should
oscillate as the device layer etches, and become constant when the etch reaches the
BOX. The reflected peaks should occur when the device thickness change by λ
2n
, where
λ is the laser wavelength and n is the index of refraction of silicon. The factor of
2 appears because the beam passes down and up through the device layer. For a
red laser and silicon, this works to peaks approximately every 100 nm. This device
showed promising results when etching the device layer of an un-patterned SOI wafer.
Unfortunately it did not work when etching gratings. The suspected reason is the
etch is not uniform and this prevents homogeneous interference. Figure 3-15 shows
a zoomed in SEM image of the deep etch, and the depth between channels ranges
at least 200 nm. As a result, there will be a mix of constructive and destructive
interference when averaging over many periods, and no signal change will be observed.
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It may be possible to address this issue with a larger wavelength source; however, no
experiments have been completed for this work.
Figure 3-15: Zoomed in cross section SEM image of freestanding grating attempt
that failed due to an incomplete front side etch. The non-uniformity of the etch can
be observed and is in excess of 200 nm.
The solution that was implemented was to over-etch samples. The draw back of
this approach is the bars could be laterally undercut due to bowing. This approach
did work for process development; however, a reliable end point should be developed
for producing large quantities of gratings.
3.5.3 Vacuum Bonding
The back side etches were done with the sample bonded to a carrier wafer via Crys-
talbond 555 (Structural Probe, Inc.) using a vacuum bonding process to prevent
voids in the bond. Etching non-uniformities were observed in early experiments and
sometimes regions of the mask would be damaged during the etch. See Figure 3-16a
for a photograph of a failed back side etch. A likely cause is a temperature increase
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which diminishes the anisotropy of the etch and can undercut the mask entirely. One
hypothesis for this was a poor bond to the carrier wafer, due to voids between the
sample and carrier. Another hypothesis was that the ∼ 10 μm layer of photoresist
impregnating the CAT grating was thermally insulating the interface between the
sample and carrier wafer. A simple one-dimensional heat transfer analysis was per-
formed to estimate the temperature rise from voids and photoresist. The approximate
power through the 100 mm-diameter wafer is 1 kW. The voids were modeled as air at
standard atmosphere and pressure (STP), and photoresist was considered carbon as
a conservative estimate. The thermal conductivity of air and carbon were assumed
to be 0.024 and 1.7 W
m∙K respectively
2. The results of the calculations are shown in
Table 3.1, rounded to the nearest quarter of a degree, which clearly shows air pockets
from voids in the bond can lead to drastic local temperature rises during etching. To
further study these results, ultrasonic imaging of the interface between the sample
and carrier was taken of a damaged sample that was still bonded to a carrier. (See
Figure 3-16b.) This confirmed substantial voiding under the region of poor quality
etch.
2Thermal conductivity values from http://www.engineeringtoolbox.com/
thermal-conductivity-d_429.html.
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(a) Photograph
(b) Ultrasound Image
Figure 3-16: Images of failed back side etch. (a) Photograph of early sample bonded
to a carrier with hexagons over etched during back side etching and destroyed. The
sample was bonded via crystalbond in a bell jar at 1 atm and put in a low vacuum
(200 torr). (b) 100 MHz ultrasound image (Sonoscan Inc.) on the sample. White
spots represent voids. These are the same sample, though the image is rotated about
the vertical axis.
Table 3.1: Table of estimated temperature increases during etching
Material Thickness (μm) Temperature Rise (C)
Silicon 500 0.5
Air (STP) 5 26
Air (STP) 50 260
Carbon 20 1.5
Carbon 10 0.75
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The early experiments did not use samples bonded in a vacuum. Instead the
carrier wafer was heated to 80◦ C and Crystalbond was applied and then it melted.
The sample was then placed on the carrier and pressed down by hand, followed by
being put into a bell jar vacuum chamber at approximately 200 Torr. The final
vacuum step was meant to remove bubbles; however, it was unlikely this would work
since the bubbles must move laterally through a gap on the order of 10 μm in size. To
address this problem a vacuum chamber was designed and constructed with a thermal
plate to allow for chip bonding at ∼ 500 mTorr, which greatly reduced any voids in
size 3. The carrier was heated to 80◦ C, Crystalbond was applied to the carrier and
the sample was held over it via a claw while the chamber pumps down. Once the
desired vacuum level was reached the sample could be pressed onto to the carrier via a
feedthrough. See Figure 3-17 for an image of the vacuum bonder. Ultrasonic imaging
of samples bonded with this tool showed no voids, and subsequent etches were more
consistent. See Figure 3-18 for ultrasound imaging comparing the bond interface of
vacuum bonding to the old method via a bell jar.
Figure 3-17: Photograph of the vacuum bonder. Note the sample in this image is a
full wafer and much smaller samples can be bonded.
3The vacuum chamber was built by Abbess Instruments, http://www.abbess.com/.
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(a) Bell Jar
(b) Vacuum Bonded
Figure 3-18: 100 MHz Ultrasound images (Sonoscan Inc.) of two 100 mm wafers
bonded via 0.25 grams crystalbond, white spots represent voids. (a) Samples bonded
in a belljar at 1 atm and put in a low vacuum (200 torr). (b) Samples bonded in the
custom vacuum chamber at 300 mtorr.
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3.6 Analysis and Discussion
The fabrication process presented here centers on processing the front side of the SOI
wafer first, and then finishing it with a back side etch. It has proven to be a reliable
way of creating freestanding ultra-high aspect ratio gratings. The overall span of the
grating mesh was 31 by 31 mm2 and over 80% was undamaged. See Figure 3-19 for a
photograph of a freestanding grating. The entire sample was imaged and diffraction
can be seen from the level 1 support grating with white light. Poor handling and
intentional destruction for inspection damaged regions of the samples prepared thus
far. The duty cycle of the Level 2 hexagon was 10%, and the open area fraction
was therefore ≈ 80%. The Level 1 support and CAT gratings lines prior to further
processing also have an open-area fraction of ≈ 75% and ≈ 50% respectively. The
net open-area fraction was approximately 30% and could be much higher with further
polishing of the CAT grating bars and reducing the structural supports. The process
demonstrated that large open areas are possible with the fabrication techniques pre-
sented. See Figure 3-20 for a composite of several SEM images showing the hierarchy
of level 2 structural supports to the 200 nm-pitch freestanding grating.
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Figure 3-19: Photograph of freestanding grating structure. The diffracted light is
from the 5 μm period level 1 support lines. US quarter for reference. 4
Figure 3-20: SEM images of hierarchical CAT grating and support. 5
4Image taken by Ralf Heilmann
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The front side process improves upon several drawbacks of a previous method
developed by Mukherjee et al. [35]. The etch of the CAT grating on bulk silicon
during the front side first process enjoys higher thermal conductivity than helium,
and more structural rigidity than a membrane. A remaining step required to realize
x-ray testable CAT gratings is a wet KOH polish of the grating bars after the front
side DRIE. As will be discussed, this step is delicate and polishing on a sturdy silicon
wafer as opposed to a membrane is more reliable. The front side process first enables
this, which is critical for x-ray testable CAT gratings.
3.7 Conclusion
A break-through fabrication process has been demonstrated to produce freestanding
200 nm-pitch CAT grating lines to a depth of 4.0 μm that is not limited by the
crystal lattice orientation. The net open-area fraction for the CAT grating was on
the order of 30%, without any refinement of the structural supports or polishing of the
grating bars. Grating spans of several square centimeters were demonstrated. The
fabrication process was published in the Journal of Vacuum Science and Technology
B [1]. This more than doubles the aspect ratio of previous work on freestanding
nanoscale gratings, with a period of 240 nm and a depth of 1,800 nm, which used a
back side first process [35]. Both of these grating fabrication processes utilize silicon-
on-insulator (SOI) wafers and feature integrated structural supports in the handle and
device layers. Furthermore, both processes utilize deep reactive-ion etching (DRIE)
for both the SOI device and handle layer, which allows for crystal lattice independent
etching [46]. The key difference is that the new process etches the device (front side)
layer first as opposed to the handle (back side) layer, which allows for the deeper and
more repeatable etching that is essential to achieve the ultra-high aspect ratio of the
CAT grating. A novel process step of filling the grating channels with a protective
layer of photoresist allows the sample to be flipped over and etched from the back
5Composite SEM imagery assembled by Ralf Heilmann
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with good thermal contact. The photoresist can be cleaned after processing, enabling
a freestanding grating.
An alternative fabrication process by Ahn utilized wet-KOH etching instead of
DRIE, where the CAT grating lines were patterned parallel to the vertical {111}
planes of the <110> device layer [40]. This process successfully fabricated patterns
with the desired period and depth for preliminary x-ray tests; however, diagonal {111}
planes, starting from the support structure, limited the open-area fraction between
the cross supports to ∼ 35% [43]. The past gratings did not have a Level 2 support
structure and spanned less than 3 mm on a side [43], which is less than 100 times
the area of the gratings fabricated in the process presented. Furthermore with the
same preliminary structural support blockage in the new process, the net open-area
fraction would be approximately 17%. The freestanding grating process presented
here will be combined with parts of the KOH process developed by Ahn et al [114].
This will further increase the open-area fraction and allow for efficient diffraction of
soft x-rays.
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Chapter 4
Nano-Scale KOH Polishing
4.1 Overview of KOH Polishing
The process presented to create freestanding gratings requires an additional step to
smooth the sidewalls. Both the mask and the deep-etch process left roughness on the
sidewalls that can be observed in an SEM with resolution of approximately 5 nm.
This roughness is significantly too high for efficient soft x-ray reflection and must be
addressed. Furthermore, the deep etch left grating bars with a bowed profile. The
tops and bottoms of the CAT grating bars were roughly 100 nm-wide, and the center
was approximately 50 nm. As a result these channels will block 50% of the x-rays
since x-rays incident on the top of the bars will be absorbed. The bar-widths should
be reduced to reflect more of the x-rays and this is another goal of the polishing
process. See Figure 4-1 for an SEM image of the sidewall roughness on a freestanding
grating.
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(a) Freestanding grating
(b) Zoomed in on rough sidewall
Figure 4-1: Slanted SEM images of torn freestanding CAT grating film. The rough-
ness in the CAT grating sidewalls can be observed.
KOH etching takes advantage of the anisotropy between the silicon crystal lattice
planes. At room temperature and 50% concentration by weight, KOH will etch the
{111} approximately 100 times slower than the non-{111} planes [43]. (The etch
ratio of the {110} to {100} planes is roughly a factor of 2 for 34% KOH and this
effect is insignificant compared to the etch ratio of either plane to the {111} planes
[42].) The concept for the CAT grating polishing procedure is to align the CAT
grating bars to the vertical {111} planes very precisely (0.1◦) and polish them long
enough to remove roughness without destroying the bars. This process was the most
challenging aspect of the project and the biggest leap over the state-of-the-art in the
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literature. As previously stated, CAT grating bars are 30 times smaller than what
was previously reported for polishing deep-etched features via the Bosch process. As
a result there were many challenges including: pattern alignment, reducing initial
roughness, improving the deep etch, cleaning the sidewalls, and developing careful
lab procedures to prevent damage to the crystal lattice.
All of the challenges were met to develop a polishing process that reduced the
sidewall roughness to approximately 1 nm, RMS as measured with an AFM. TMAH
was another possible wet etchant; however, the selectivity of the {111} to the non-
{111} planes is roughly a factor of 2 lower than KOH [41] [42].
4.2 Alignment to {111} Plane
This sections describes the alignment of the CAT grating bars to the {111} silicon
planes. This includes the alignment requirements, technique to locate the {111}
planes and technique to pattern the CAT grating lines parallel to the {111} planes.
4.2.1 Alignment Requirements
The first challenge was to develop a technique to align the CAT grating bars to the
{111} silicon planes. Ideally each grating bar should be bound by two {111} planes,
the top mask, bottom SiO2 and the Level 1 supports, which also form {111} planes.
If the final bar-width is supposed to be 40 nm, and given a Level 1 support pitch
of 5 μm, then this alignment needed to be on the order of 0.1◦ in the top plane of
the wafer. See Figure 4-2a for a drawing depicting this alignment. The sample also
needs to have the deep etch go vertically down within a tolerance of 0.7◦. The latter
was controlled by the wafer manufacturers, and the wafers can be purchased with an
alignment of the <110> vector to vertical within 0.25◦. See Figures 4-2b and 4-2c for
drawings and SEM imagery depicting this alignment. The former requirement was
the challenge, and this was partially driven by the initial bowing of the deep etch.
The minimum bar-width of the deep etch was approximately 50 nm which constricted
the alignment since little material remained for a 40 nm-wide bar to be misaligned.
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If the bowing were eliminated from the etch and minimum bar-width was increased
to 100 nm, this would loosen the alignment tolerance to arctan 30
2500
= 0.69◦, as per
Figure 4-2a. The initial experiments targeted an alignment of 0.1◦.
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(a) Top down alignment
(b) Vertical alignment
Figure 4-2
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(c) SEM of vertical alignment
Figure 4-2: Drawing and SEM imagery depicting the two axis of grating alignment.
4.2.2 Locating {111} Planes
The first step in the alignment process was to locate the {111} planes. Wafers sliced to
<110> orientation have a major flat on the <111> orientation. This flat is not precise
as it is often curved such that repeatable alignment to within 1◦ is not possible. To
address this a fan-shaped pattern referred to as a wagon wheel was patterned near the
edge of the wafer with spokes at angular increments of 0.05◦, and approximately 6 μm
channel-widths. This wagon wheel was a scaled down version of the same wagon wheel
use in Ahn’s process [43]. The wagon wheel spans ± 3◦ and was aligned to the major
flat within 1◦ via an optical microscope during contact lithography. The wagon wheel
pattern was then etched into the thermal SiO2 or LPCVD SixNy mask depending on
the experiment. The sample was then placed in 50% KOH such that only the wagon
wheel was submersed. It was left in room temperature KOH for approximately 30
hours in order to etch away wagon-wheel spokes that were misaligned by more than
1◦. (Etches between 24 and 36 hours would all yield reasonable results, which makes
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this process reliable with a large window for success.) The remaining spokes showed
clear line-width variations from lateral etching, and the widest spoke was very easy
to observe in an optical microscope. The orientation of the best spoke corresponds
to the direction the CAT grating line should be aligned to.
See Figure 4-3 for optical microscope images of a wagon wheel KOH etch. In this
example the {111} plane is at +0.05◦, which means the optical lithography was nearly
perfectly aligned to the {111}. Figure 4-3d is included to show what the KOH etch
looks like when it is not well aligned (0.5◦) to start. The error in this technique is
approximately 0.10◦ and is subject to human error. Figure 4-3d is also an SOI wafer
and the other images from the series are of samples in bulk silicon.
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(a) Zoomed out wagon wheel
(b) Zoomed in wagon wheel
Figure 4-3
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(c) Zoomed in wagon wheel with {111} plane identified
(d) Zoomed out SOI wagon wheel
Figure 4-3: Optical microscope imagery of KOH etched wagon wheels. The images
show progressive increases in magnification and the {111} plane can be identified in
image (c) at +0.05◦. Image (d) shows a zoomed out SOI wafer where the {111} is
+0.50◦
This wagon wheel technique was based off a similar technique implemented by
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Ahn, who also used a pre-etched wagon wheel [43]. 1 Early experiments repeated
Ahn’s technique, with the same wagon wheel. The wagon wheel was etched in 25%
KOH at 80◦ C for 30 minutes and the bars were undercut from lateral etching. This
effect was observable from the top down observations in an SEM. An estimate of the
undercut was made along many spokes, and a graph was generated with undercut
versus spoke angle. A curve fit was made and the minimum undercut was located.
The newer process is significantly more efficient as the best wagon wheel spoke can
be observed optically and found within a minute of observation. The old method
would take roughly an hour in an SEM to inspect enough spokes to make a plot.
Furthermore, another short coming of the old technique was difficulty in determining
the exact undercut due to chipping away of μm-scale chunks in the mask. See Figure
4-4 for SEM imagery of the KOH etched wagon wheel. It should be noted that
there were difficulties with the temperature probe in the lab and maintaining a KOH
solution at 80◦ C was not always possible. The plot in Figure 4-4c was generated
from a 3 minute KOH etch where the temperature was likely higher than 80◦ C. In
that example the minimum undercut was at a spoke angle of 0.33◦. Even though
precise temperature control is possible with modern laboratory equipment, the newer
process is simpler and more reliable since it operates at room temperature with a
large process window.
It should be noted that the older technique was used for the early polishing and
testing experiments. It was not until section 4.4.4 that the new technique was imple-
mented.
1For the remainder of this chapter all referrals to the previous process by Ahn refer to his Ph.
D. thesis on fabricating CAT gratings with a pure KOH etch step for the high aspect ratio grating
etch. He enumerates the fabrication process on pages 153-160.
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(a) Zoomed out SEM image of wagon wheel
(b) Zoomed in SEM image of wagon wheel
Figure 4-4
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(c) Example plot of undercut versus spoke angle
Figure 4-4: Top down SEM imagery of wagon wheel etched with KOH and an ex-
ample plot of undercut versus spoke angle in an effort to repeat the process by Ahn.
(b) shows chipping of the mask which made precise determination of the undercut
difficult. (c) example plot of undercut versus spoke angle for a different sample that
was etched for 3 minutes, 25% KOH at a temperature likely higher than 80◦ C. 2
4.2.3 Aligning Grating Lines to {111} Planes
Once the {111} plane was located, the next challenge was to develop a technique to
align the 200 nm-pitch CAT grating lines. Ahn used the SNL Nanoruler to pattern the
CAT grating. The wafer was placed on a rotary chuck and the wagon wheel observed
via an optical microscope. The chuck was rotated until the interference fringe direc-
tion of the Nanoruler was parallel to the correct wagon wheel spoke. Unfortunately
the Nanoruler was not available for patterning and a novel technique was developed
via the Mach-Zehnder IL table. A 5 μm-pitch grating patch, 2 mm on a side, was
patterned on the upper region of the wafer. This grating is patterned via contact
lithography via the same mask as the wagon wheel and is parallel to the 0 ◦ wagon
wheel spoke. This grating patch is etched into the silicon to a depth of approximately
1 μm. The concept is to generate an array of diffraction orders via this grating patch,
from each arm of the Mach-Zehnder. The angle of the diffraction order array will vary
2The wafer processing and SEM imagery was done in collaboration with Pran Mukherjee
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as the grating is rotated. When the array of diffraction orders from each arm overlap,
this is the condition where the two incident arms are at the same angle relative to
the grating, and the standing waves (200 nm-pitch image grating used to pattern the
CAT grating lines) are parallel to the grating patch. A camera was used to image the
diffraction orders in real time on a laptop. This increased the sensitivity of aligning
the two sets of diffraction orders. 3 The majority of the wafer to be patterned was
covered during the alignment step to prevent premature exposure depicted by the
pink film in Figure 4-5b. The cover was a 150 mm wafer coated with ARC. Once the
image grating lines were parallel to the grating patch, the wafer could be rotated on
a vernier chuck by the amount determined in the KOH pre etch. This chuck has a
precision of 0.017◦; however, user error caused this to be closer to 0.10◦. With the
error in the wagon wheel technique the total error is 0.14◦ and 0.20◦ is used as a
conservative number. This requires the minimum bar-width to be approximately 58
nm as described by the requirements in section 4.2.1. See Figure 4-5 for a sequence
of drawings for the alignment process.
3The camera setup and initial micro-fabrication processing for the alignment grating patch were
done by Pran Mukherjee.
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(a) Wagon wheel pre-etch
(b) Align CAT grating to 5 μm grating patch
Figure 4-5
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(c) CAT grating lines parallel to {111} planes
Figure 4-5: Drawings depicting various stages of the alignment process. (a) Depicts
the wafer after the wagon has been pre etched via KOH. (b) Depicts CAT grating
parallel to the 5 μm grating patch. (c) Depict the CAT grating lines exposed parallel
to the {111} planes.
4.3 Initial Polishing Results
To test the polishing process an experiment was conducted to etch and polish a
200 nm-pitch grating on <110> silicon. The mask was chrome on LPCVD SixNy.
The sample was deep etched to approximately 4 μm and then cleaned to remove the
polymer from the Bosch process, the chrome and native SiO2. The sample was cleaved
into multiple pieces and polishing experiments were conducted in 50% KOH for 2, 5,
8, 12, 20 and 30 minutes. See Figure 4-6 for SEM images of this experiment. The
shorter etches (2, 5 and 8 minutes) show a ridge that was the suspected region where
KOH etching stopped. Furthermore, the sidewall can be observed in Figure 4-6d and
it appears to be rough. In the longer etches, the sidewalls became thin and eventually
were destroyed. Several speculations were made about the cause of both the ridge
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effect, and the eventual grating bar destruction. The sidewalls may not have been
clean of polymer prior to polishing. This may have masked the KOH and formed the
polishing ridge and apparent lack of polishing in the lower regions of the sidewall.
Furthermore the previous KOH etching done by Ahn used ultrasonic agitation to
prevent bubbles from inhibiting the etch. To improve the cleaning process, a solvent
based formula known as Novec 7300 was used to clean the polymer after the piranha
step [115]. The solution was heated to approximately 55◦ and the sample was cleaned
for 30 minutes. With the remaining sample, a short (5 minute) KOH polish was
attempted with the improved cleaning and ultrasonic agitation. The result shown
in Figure 4-6i showed considerably faster etching and sidewall destruction than the
previous results. This result was dramatically different than what was expected.
Ahn’s process for etching the grating purely with KOH took over 4 hours and the
grating bars in his experiments were approximately the same width. This suggested
there was an error in the process, and a series of experiments were undertaken to
understand the process better.
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(a) No Polishing
(b) Zoomed in, no Polishing
(c) 2 Minutes Polishing
Figure 4-6
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(d) 5 Minutes Polishing
(e) 8 Minutes Polishing
(f) 12 Minutes Polishing
Figure 4-6
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(g) 20 Minutes Polishing
(h) 30 Minutes Polishing
(i) 5 Minutes Polishing with Ultrasonic Agitation
Figure 4-6: Initial KOH polishing experiment. This is a time series polishing experi-
ment with different chips of the same being etched in KOH for 2, 5, 8, 12, 20 and 30
minutes. An additional experiment was done for 5 minutes in KOH with ultrasonic
agitation. 153
4.4 Experiments To Understand Nanoscale KOH
Etching and Polishing
This section describes a series of experiments to understand the failures of KOH
polishing. This includes experiments to rule out vertical alignment, and to study
mask quality and material, the influence of the Level 1 cross support, silicon quality,
influence of surfactant in the KOH solution and the effect of mechanical damage to
the grating bars from air drying and ultrasonic agitation.
4.4.1 Line-Edge Roughness Tests
The initial hypothesis of the failed polishing process were misalignment of the grating
to the {111} planes and line-edge roughness. Line-edge roughness refers to the rough-
ness on the sides of the masks and grating bars. When looking down from the top,
the largest area enclosed by two lines within the mask represents the largest bars that
can be polished via KOH assuming the etch locks to {111} planes. This roughness
therefore reduces the bar-width and if no solid area can be formed between two {111}
planes, the KOH will destroy the bar. See Figure 4-7 for a top down SEM image of
a large duty cycle mask with line-edge roughness. Roughness in the grating sidewall
will have the same effect and can be observed in Figure 4-8, which is a zoomed in
image of Figure 2-42.
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Figure 4-7: Top down SEM image of a thermal SiO2 mask. The roughness in the
CAT grating sidewalls can be observed.
Figure 4-8: Zoomed-in, slanted SEM image of torn freestanding CAT grating film.
The roughness in the CAT grating sidewalls can be observed.
4.4.2 Experiments to Repeat the Old Process for Purely
KOH-Etched Gratings
To check for alignment and line-edge roughness issues, experiments were done to
repeat the old etch process of the CAT grating, using the KOH process developed
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by Ahn. Ahn was able to etch the CAT grating for several hours via 50% KOH.
In comparison, the polishing experiments would typically fail within minutes. As
a result, it was concluded something was missing and reproducing old results was a
good way to understand KOH etching better for polishing development. Furthermore,
repeating Ahn’s process would eliminate the vertical alignment requirement depicted
in Figures 4-2b and 4-2c. It would also eliminate the possibility of the sidewall being
too rough or too narrow from bowing to withstand KOH. The only roughness of
concern was the mask for KOH, in the top down view.
The initial experiment to etch the CAT grating utilized an LPCVD SixNy mask for
the CAT grating and had no cross support. The etch used 50% KOH with ultrasonic
agitation and the grating etched for roughly 20 minutes before being destroyed. See
Figure 4-9 for an SEM image of the mask and etch. It should be noted that little
tapering was observed which suggest the mask was likely aligned to the {111} plane.
(When the mask is misaligned it etches with a vertical taper downward since exposure
time to KOH is a function of the channel depth.) Line-edge roughness in combination
with the line-width was a possible cause of failure. To eliminate this possibility, a
mask was made via thermal SiO2 with a duty cycle in excess of 75%. This etch failed
at roughly 50 minutes. See Figure 4-10 for SEM images of the mask and etch. This
experiment was peculiar in that the lines etched vertically downward, and there is
significant variation in thickness between grating bars.
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(a) LPCVD SixNy mask prior to KOH etch
(b) 20 minute KOH etch
Figure 4-9: Cross section SEM imagery of LPCVD SixNy mask and 20 minute KOH
etch in an effort to reproduce results by Ahn.
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(a) Large duty cycle thermal SiO2 mask prior to KOH
(b) Zoomed out 50 minute KOH etch
Figure 4-10
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(c) Zoomed in 50 minute KOH etch
Figure 4-10: Cross section SEM imagery of an experiment to KOH deep etch 200
nm-pitch lines via a large duty cycle thermal SiO2 mask.
Both of these experiments did not have any Level 1 cross supports, and this was
assumed not to matter for simply etching the grating. The lateral etch rate is
Rlateral = sin(θ)Rnon{111} + R{111}, (4.1)
where Rlateral is the lateral etch rate, θ is the angle of misalignment, Rnon−{111} is
the etch rate of non-{111} planes and R{111} is the etch rate of the {111} plane. For
channels approximately 100 nm-wide, Rnon−{111} ∼ 1 μm per hour and R{111} is ∼ 10
nm per hour for 50% KOH [43]. For a 0.2◦ misalignment, the lateral etch rate should
be 13.4 nm per hour and for 1.0◦ misalignment, the etch rate is 27.4 nm per hour.
For the experiment with a duty cycle in excess of 75%, as shown in Figure 4-7, the
solid line-width after accounting for line-edge roughness is over 100 nm. As a result
even a 1◦ error in alignment should last two hours etching from both sides. There was
also not much tapering observed. This was a puzzle and the lab decided to repeat
the old process by Ahn with the exception of the new alignment technique as a way
to study KOH etching.
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Experiments to Repeat the Old Process for Purely KOH-Etched Gratings
with Level 1 Supports
There was doubt that CAT grating lines could be etched without a Level 1 support
via the process by Ahn. The experiment to repeat the results by Ahn was done
with Level 1 supports with pitches ranging from 10 to 1280 μm. Ahn’s Level 1
support was approximately 30 μm and the variation was done to test whether or not
Level 1 supports were important. There was also concern that thermal SiO 2 caused
compressive stress that interfered with the etch. Low stress LPCVD SixNy was used
as the mask to accurately reproduce Ahn’s process. The experiment ultimately failed
and the result was peculiar.
The etch would undercut the mask in minutes and the pattern would be quickly
destroyed, suggesting the mask was compromised. See Figure 4-11 for SEM imagery
of the mask and etch result. Aggressive cleaning of the sample with HF prior to
the etch was one hypothesis for the quick destruction. The sample was cleaned with
4:1 DI Water:49% HF for 120 seconds. (5:1 buffered HF (BHF) etches thermal SiO 2
approximately 100 nm per minute [86]. The solution used would likely etch faster
than this.) It is believed that a native SiO2 layer, on the order of 1 nm-thick, was
under the LPCVD SixNy. (This phenomenon has been studied and Habraken et al.
found a film of SiO2 at the interface between silicon and LPCVD Si3N4 that was
between 1.5 and 2 nm-thick [116].) HF could have entirely etched this layer under
the mask and allowed KOH to quickly etch beneath the mask. This phenomenon
could also explain Figure 4-7 in Ahn’s thesis, where a rapid undercut was observed in
KOH etching followed by a slower lateral etch-rate. (Ahn cleaned his samples for 15
seconds in BHF prior to KOH etching, which could have removed 25 nm from each
side of the grating lines.) He attributed this to line-edge roughness and it may be
due to undercutting a thin SiO2 layer instead.
160
(a) Zoomed in 50 minute KOH etch
(b) Zoomed in 50 minute KOH etch
Figure 4-11: Cross section SEM imagery of an experiment to KOH deep etch 200
nm-pitch lines via a large duty cycle thermal SiO2 mask.
4.4.3 Experiments to Anisotropically Etch Micron-Scale Fea-
tures with KOH
The experiment to repeat Ahn’s process took months to prepare and an experiment
with μm-scale features was done instead of further attempts with Ahn’s process.
There was concern that the silicon or masking material was defective and this ex-
periment served as a conservative test to study the process. The experiment was to
pattern a variety of wagon wheels ranging from 20, 10 and 6 μm channel-widths, on
<110> silicon. These sizes are full, half and approximately quarter scale with respect
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the wagon wheels developed by Ahn. These were the same shape wagon wheel that
Ahn used for his alignment technique. The goal of the experiment was to observe
deep-etched lines where the spokes were aligned and destroyed lines where misaligned.
The wagon wheels were patterned with contact lithography and aligned to the flat
within 1◦ and etched into a 40 nm-thick layer of LPCVD SixNy. They were etched in
50% KOH between 24 and 72 hours and the result was a success.
There was very clear region that etched anisotropically near the {111} planes and
a smooth transition to a region where the lines were destroyed. A distinct taper
was observed in the wagon wheel spokes that were misaligned, which was expected.
See Figure 4-12 for cross sectional SEM imagery of the wagon wheel etches. This
demonstrated that the silicon was indeed <110> and that the LPCVD SixNy mask
was capable of long duration KOH etching. This experiment led to the improved
technique for locating the {111} planes described in Section 4.2.2. It was readily
apparent in the SEM and optical microscope which wagon wheel spokes survived long
duration KOH etches. As a result, the {111} plane had to be within the remaining
spokes and it would be in the center of the remaining cluster. Furthermore the
widest bars of silicon represented the minimum undercut and this was observable in
an optical microscope. See Figure 4-13 for a slanted view SEM image of the long
duration KOH etches which shows the approximate location of the {111} plane.
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(a) Quarter scale wagon wheel KOH etched for 24 hours
(b) Half scale wagon wheel KOH etched for 72 hours
Figure 4-12: Cross section SEM imagery of long duration KOH etched wagon wheels.
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(a) Base of quarter scale wagon wheel KOH etched for 72
hours
(b) Top of quarter scale wagon wheel KOH etched for 72
hours
Figure 4-13: Slanted view SEM imagery of long duration KOH etched wagon wheels.
The next experiment was to study the effects of aggressive HF cleaning. Quarter-
scale wagon wheel patterns, masked with LPCVD SixNy, were cleaned with concen-
trated HF at different times followed by 50% KOH etching. The minimum undercut
was observed via cross sectional SEM imagery. Three experiments were conducted;
8:1 DI water:HF clean for 150 seconds followed by 30 minutes KOH, 8:1 DI water:HF
clean for 10 seconds followed by 60 minutes KOH, 4:1 DI water:HF clean for 600
minutes followed by 30 minutes KOH. (All HF started at 49% from the bottle.) See
Figure 4-14 for SEM imagery of the results. The most and least aggressively cleaned
samples showed an undercut of approximately 100 nm. Unexpectedly, the other sam-
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ple showed around 50 nm undercut. The etch rate of thermal SiO2 in 10:1 HF is 23
nm/minute, which is similar to the HF concentration used [86]. The reported etch
rates of thermal SiO2 are for large surfaces and this experiment was for a nanoscale
channel, which will likely have a much lower etch rate due to viscous effects. Fur-
thermore the thickness of any SiO2 could vary from wafer to wafer depending on the
conditions in the LPCVD reactor as well [116]. This experiment was not rigorous;
however, it does not appear that there is a significant undercut correlating to aggres-
sive HF cleaning on the microscale. It is possible a 25 to 50 nm undercut is caused by
HF, although line-edge roughness could cause this as well. To be conservative, future
experiments used diluted 50:1 DI water:HF cleans for 60 seconds prior to KOH to
avoid undercutting from HF.
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(a) 600 second 4:1 diluted HF clean
(b) 10 second 8:1 diluted HF clean
Figure 4-14
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(c) 150 second 8:1 diluted HF clean
Figure 4-14: Cross section SEM imagery of quarter scale wagon wheels cleaned with
HF and KOH etched.
4.4.4 Experiments to Anisotropically Etch 660 nm-Pitch with
KOH
To further study the process, the grating pitch was changed from 200 nm to 660 nm
to reduce the sensitivity of the process. The goal was to repeat the process by Ahn
at a larger scale and then reduce the feature size once it was working. As with the
200 nm-pitch experiment, a Level 1 support was used with pitches ranging from 10 to
1280 μm. These experiments were the first to use the improved technique for locating
the {111} planes as described in section 4.2.2. This experiment failed in a similar
fashion to the results observed in section 4.4.2 at roughly double the time. See Figure
4-15 for SEM imagery of the mask and etch result. As with previous experiments, the
failure was not uniform over the wafer and regions a few mm to cm on a side would
be destroyed first. The etch was stopped on the onset of failure to allow for SEM
inspection at the moment of destruction. In Figure 4-15c a hole can be seen in the
side of the grating bar during the etch. Furthermore the other destroyed bars appear
as though they have been carved out from the center. The destruction did not appear
to be related to alignment, mask quality or roughness. Instead there appeared to be
an issue with the silicon itself. Defects in the silicon was the agreed upon best theory
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for the etch failures in the SNL.
(a) 660 nm-pitch LPCVD SixNy mask prior to KOH etching
(b) Zoomed out image of 660 nm-pitch grating destroyed
during KOH etching
Figure 4-15
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(c) Zoomed in image of 660 nm-pitch grating destroyed dur-
ing KOH etching
Figure 4-15: Cross section SEM imagery of an experiment to etch 660 nm-pitch
grating via the process by Ahn. Destruction was observed at approximately 2 hours
of etching.
4.4.5 Experiments with Float-Zone Silicon
Oxygen precipitates or other impurities in the silicon were the first suspected causes
of defective silicon. Impurities in the silicon could disrupt the silicon lattice and allow
KOH to etch through these regions. Ho¨lke et al. observed that oxygen precipitation
in Czochralski (CZ) wafers caused the anisotropy between the {110} and {111} planes
to go down and the roughness to increase on the μm-scale [117]. It is possible on the
nm-scale these defects cause destruction of the features. To evaluate this theory, ex-
periments to repeat Ahn’s process were repeated with float-zone (FZ) <110> silicon.
FZ wafers are a type of silicon that has been purified by heating a small region to
near the melting point and moving it axially along the ingot to capture and push
out impurities such as oxygen. The other type of silicon is Czochralski (CZ) which
is formed by melting silicon and pulling a seed crystal upward forming a solid silicon
ingot. FZ wafers typically have less than 10−16 atoms/cm3 oxygen, which is more
than two orders of magnitude lower than CZ silicon [118]. CZ silicon is also at least
30% mechanically stronger than FZ silicon, which has been attributed to locking of
the crystal dislocations by the impurities [119]. The loss in strength is one technical
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draw back of FZ silicon. Furthermore FZ silicon is roughly an order of of magnitude
more expensive and difficult to find in the <110> orientation than CZ silicon, which
presented a practical issue. Fortunately, the lab had three 100 mm FZ wafers with
resistivity 0.015-0.2 Ohm-cm left over from experiments conducted by Ahn.
The initial experiments with FZ silicon were a repeat of Section 4.4.4 done at 660
and 200 nm-pitch and successfully reproduced high aspect ratio etching similar to
Ahn. See Figure 4-16 for an SEM image of the KOH deep etch. The experiment at
200 nm-pitch was marginally successful reaching a depth of approximately 1.5 μm.
However, the mask was not image reversed as done in the process by Ahn and the line-
width started at narrow 40 nm, which made a high aspect ratio (> 37). See Figure
4-17 for an SEM image of the mask and etch. The success of these experiments
strongly suggested that alignment and line-edge roughness were not factors in the
previous experiments. Furthermore the Level 1 supports made no difference for these
results as well, which suggests they are not required for KOH etching high aspect
ratio structures. (They are required for creating a sturdy structure.)
Figure 4-16: Cross section SEM image of 660 nm-pitch float-zone silicon grating KOH
etched for 200 minutes.
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(a) Mask prior to KOH etching
(b) Grating after 60 minutes KOH etching
Figure 4-17: Cross section SEM imagery of 200 nm-pitch LPCVD SixNy mask on
float-zone silicon and 60 minute KOH etch. The line-width of the mask was less than
50 nm.
4.4.6 KOH Polishing 6 μm-deep, 660 nm-pitch Gratings
The successful reproduction of the etch process by Ahn led to the first successful
DRIE plus KOH polish at 660 nm-pitch with FZ silicon. The deep etch was done
by utilizing the photoresist and ARC over the LPCVD SixNy mask and etching for
8 minutes with the standard deep etch process in Table 2.2, with a linear platen
power ramp from 30 to 57 watts. The initial etch went down approximately 6 μm
and the sample was cleaned via a 3 step clean: piranha to remove the majority of
the organic contamination, Novec 7200 on a hot plate set for 120 C for 60 minutes
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to remove the Bosch process polymer and 50:1 DI water:HF for 60 seconds to remove
native SiO2. (Novec 7200 replaced 7300 since there is published data on its ability
to clean the Bosch polymer and the chemical formula is known, C4F9OC2H5, [120].)
It was KOH polished for approximately 1 hour and the result was clearly positive.
The sidewall roughness was eliminated as could be observed via SEM inspection. The
etch depth also increased to 9 μm and a notch was observed at the end of the channel
where the KOH etched. This represented the first time KOH had been used to polish
nanoscale high aspect ratio structures following DRIE. See Figures 4-18 and 4-19 for
SEM imagery of the polishing results.
(a) No Polishing
(b) 70 Minutes Polishing
Figure 4-18: Cross section SEM imagery of 660 nm-pitch, 6 μm deep grating polishing
experiment.
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(a) Sidewall Before Polishing
(b) Sidewall After Polishing
Figure 4-19: Cross section SEM imagery of sidewalls of 660 nm-pitch, 6 μm deep
grating polishing experiment.
4.4.7 Failed Experiments with Float-Zone Silicon
To further study the process, a chip of the 100 mm-wafer in Figure 4-17, which enabled
a 60 minute KOH etch to a depth over 1 μm at 200 nm-pitch, was image reversed via
chrome liftoff. The lines were then 75% duty cycle and had ample thickness to fully
repeat the process by Ahn. This experiment failed in the same destructive manner
as previous failures. See Figure 4-20 for SEM imagery of the mask and result. (The
chrome was removed prior to KOH etching.) This result was very peculiar since the
experiments were conducted from the same 100 mm wafer with the same lithography.
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As a result, the alignment and silicon quality were known to be sufficient.
(a) Image reversed mask prior to KOH etching
(b) Destroyed grating after 25 minutes KOH etching
Figure 4-20
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(c) Zoomed in of destroyed grating after 25 minutes KOH
etching
Figure 4-20: Cross section SEM imagery of an experiment to KOH deep etch FZ
silicon with an imaged reversed mask. The duty cycle is approximately 75% and this
sample is from the same sample as Figure 4-17. The failure occurred at approximately
25 minutes of KOH etching.
4.4.8 Experiments with SOI Wafers and Surfactant
There was a clear benefit of using float-zone silicon to repeat the results by Ahn;
however, the positive result was not consistent. Furthermore there was no record in
the SNL that Ahn’s process used FZ silicon and CZ silicon was likely of sufficient
quality. It was possible that the polishing process of the bulk silicon during wafer
manufacture was a factor in the final silicon quality. For example Chen et al. found
the depth of subsurface damage to range from 3.6 to 0.36 μm for a silicon wafer
ground and polished, and a wafer ground with 1200 mesh [121]. To test a different
batch of CZ silicon, a repeat of the experiments in Section 4.4.4 were done with SOI
wafers from Ultrasil Inc. Ultrasil manufactured the wafers used by Ahn and it was
possible their polishing process resulted in fewer silicon defects. These samples used
300 nm-thick thermal SiO2 masks as well instead of LPCVD SixNy. The result was
nearly identical to those in Section 4.4.4, with destruction occurring at roughly 150
minutes of KOH etching. This suggested the silicon from Ultrasil was not a factor in
the etching results.
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In the prior experiments no surfactant was mixed into the KOH to simplify the
process. The early experiments by Ahn also did not use surfactant and no dam-
age was observed; however, the etches were non uniform. The non uniformity was
attributed to H2 bubbles forming over the grating bars and blocking the KOH so-
lution from etching these regions. The defect Ahn observed without surfactant was
a non-destructive defect and therefore was not attributed to the failures observed in
repeating the process [43]. Even though unlikely, perhaps the nucleation site of the
bubbles contributed to the damage and a reduction in the bubble size and surface
tension would prevent the damage observed. A set of experiments similar to Section
4.4.4, except on SOI wafers with thermal SiO2, were conducted with surfactant added.
The surfactant was sodium dihexyl sulfosuccinate (SDSS), the same surfactant from
Ahn’s process, mixed into the KOH at a concentration of approximately 0.02%.
The result of the experiment was inconclusive regarding the effect of surfactant
on the destructive nature of the etch. Visually the bubbles appeared smaller and the
sample did appear to etch uniformly; however, destruction was still observed between
1 and 3 hours into the etches. When the samples were removed, air dried and returned
to the solution they would be quickly destroyed in minutes. See Figure 4-21 for SEM
imagery of the mask, intact grating at 120 minutes and destroyed grating after 5
minutes additional etching after air drying. This strongly suggested that mechanical
damage was a cause of the destructive KOH etching result. Surface tension bends the
grating bars during drying and that was the reason for critical-point drying at 200
nm-pitch. At the larger pitch, the grating bars do not stick; however, it is reasonable
to assume they do bend and this bending could damage the lattice structure.
176
(a) Thermal SiO2 mask prior to KOH etching
(b) Grating after 120 minutes KOH etching
Figure 4-21
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(c) Grating after air drying and 5 minutes KOH etching
Figure 4-21: Cross section SEM imagery of an experiment to KOH etch silicon, air
dry it and return it to solution. The silicon was the device layer of an SOI wafer,
660 nm-pitch, 300 nm-thick thermal SiO2 mask. The grating was quickly destroyed
within minutes of returning to KOH after air drying.
4.4.9 Experiments without Ultrasonic Agitation
The results in the previous sections were very peculiar. A chip from a sample with
40 nm line-width survived an etch to a depth of 1.5 μm and another chip failed
with line-widths approximately 150 nm wide. At 660 nm-pitch the samples also
tended to fail quickly when removed from the KOH solution and returned. This quick
destruction also occurred occasionally when the sample was disturbed in the beaker
by another sample being placed in it. These peculiar failures led to the hypothesis
that mechanical damage from the ultrasonic agitation may damage the silicon of the
gratings and significantly increase the lateral etch rate.
To test this, experiments at both 200 and 660 nm-pitch were done to repeat the re-
sults by Ahn except without ultrasonic agitation. (The experiments used bulk <110>
silicon and LPCVD SixNy masks.) Surfactant was used as well. These experiments
were very successful and demonstrated etches of 5 and 7 hours at 200 and 660 nm-
pitch respectively without damage. See Figures 4-22 and 4-23 for SEM imagery of the
masks and results at both pitches. The sample in Figure 4-23 was not critical-point
dried and the grating bars collapsed. Furthermore some of the bars failed to etch to
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the bottom which could have been a result of the collapse or possibly bubbles. This
suggest that a support structure may be necessary to cleanly etch all of the grating
lines to a depth greater than 4 microns at 200 nm-pitch with Ahn’s process. As pre-
viously noted, a support structure is not necessary for demonstrating the etch can be
completed without damaging the grating bars in the nature observed in the previous
sections.
(a) 660 nm-pitch LPCVD SixNy mask prior to KOH etching
(b) Grating after 420 minutes KOH etching
Figure 4-22
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(c) Zoomed out grating after 420 minutes KOH etching
Figure 4-22: Cross section SEM imagery of an experiment to repeat experiments
by Ahn without ultrasonic agitation. The silicon was bulk <110>, 660 nm-pitch,
LPCVD SixNy mask.
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(a) 200 nm-pitch LPCVD SixNy mask prior to KOH etching
(b) Grating after 300 minutes KOH etching
Figure 4-23
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(c) Zoomed in grating after 300 minutes KOH etching
Figure 4-23: Cross section SEM imagery of an experiment to repeat experiments
by Ahn without ultrasonic agitation. The silicon was bulk <110>, 200 nm-pitch,
LPCVD SixNy mask. This sample was not critical-point dried and the bars did stick
together. Furthermore there is evidence that the bars collapsed during etching or the
etch was blocked.
Both of these experiments did repeat the non-destructive anisotropic KOH etching
in Ahn’s process. This proved the new alignment technique worked, and also proved
the silicon quality was sufficient. The key detail was the ultrasonic agitation. The
strength of the ultrasound can vary depending on where the sample is placed in the
beaker, the beaker type and how it is physically mounted. The ultrasonic agitation
system used was a Crest Ultrasonic Powersonic model 275-D, at 40 khz with a 3 kHz
sweep 4. The speed of sound in water at room temperature is approximately 1,490
m/s [122]. The velocity of the wave v, is the product of the wavelength and frequency,
v = λf . As a result, the wavelength is approximately 37 mm. This is on the same
size scale of the beakers used and 2 to 3 times less than the water depth. Standing
waves can therefore occur since the water bath or beakers are integer multiples of the
wavelength, and they often do in ultrasonic baths [123]. It is possible the samples
were etched differently depending on their position in the beaker or bath. The 3
kHz sweep will only cause a 7.5% movement in the waves and the intensity difference
of the ultrasound could still vary. As a result it is possible to have two identical
4http://www.crest-ultrasonics.com/downloads.html
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samples yield different results when etched in KOH. It is also possible the beakers
and handling equipment Ahn used to mount samples enabled good quality results
with ultrasonic agitation by either damping the ultrasonic waves or by locating the
samples at local minima of any standing waves.
With this knowledge, a new set of experiments were conducted to polish deep-
etched gratings at 200 nm-pitch.
4.5 KOH Polishing Deep-Etched Gratings
This section describes the results for polishing 200 nm-pitch gratings at both 3 and
4 μm depths. It also includes a description of the an improved DRIE process and
preliminary AFM measurements of the grating bar sidewalls.
4.5.1 KOH Polishing 3 μm-deep, 200 nm-pitch Gratings
The polishing results for 660 nm demonstrated the concept for polishing was possible;
however, 200 nm-pitch was the intended pitch for the process. The first results at
660 nm-pitch utilized ultrasound and FZ silicon prior to discovering the destructive
nature of ultrasound. As an initial test, the 200 nm-pitch was imaged reversed via
chrome liftoff with a duty cycle in excess of 75% as described in Section 2.7.4, and the
grating was etched to a depth of approximately 2.5 μm. The deep etch was similar
to the process in Table 2.2 except the platen power was ramped from 30 to 57 watts
and the time was 10 minutes. The narrow channels resulted in a shallow etch and
there was plenty of bar-width at the minimum point for subsequent KOH polishing.
The samples underwent a 4 step clean prior to polishing: piranha to remove the
majority of the organic contamination, CR-7 to remove the chrome, Novec 7200 on
a hot plate set for 200 C for 10 minutes to remove the Bosch process polymer and
50:1 DI water:HF for 60 seconds to remove native SiO2. (The shorter duration and
hotter clean with Novec 7200 experimentally yielded equivalent cleaning results to
the cleaning procedure in Section 4.4.6.) See Figure 4-24 for a time series of an early
polishing experiment. The etch times are 15, 30 and 60 minutes. The reduction
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in bowing with time can be observed. This test was also done via FZ silicon before
surfactant was used and the destructive nature of ultrasonic agitation was discovered.
Ultrasonic agitation was used without causing damage. (The line-widths were large
enough and it is possible the samples were located near a minimum of a standing
wave.)
Figure 4-24: Cross section SEM imagery of a time series experiment for KOH polish-
ing. These experiments utilized FZ silicon and ultrasonic agitation.
Experiments with CZ silicon were also successfully completed. These experiments
also used the same type of image reversed mask as the FZ experiments and the deep
etch was the same except the platen power was ramped from 50 to 60 watts. The
sample was cleaned the same way and polished for 20 minutes with surfactant in the
KOH solution without ultrasonic agitation. See Figure 4-25 for SEM images of the
deep etch and polishing result. Figure 4-25a was taken after the cleaning steps and
Figure 4-25d shows a clear image of a featureless sidewall due to KOH polishing at
the nanoscale. The sidewall roughness cannot be observed after the polishing process.
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(a) No Polishing
(b) Cross section after polishing
Figure 4-25
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(c) No Polishing
(d) Zoomed In Sidewall after Polishing
Figure 4-25: Cross section SEM imagery of 200 nm-pitch, 2.5 μm deep grating pol-
ishing experiment with CZ silicon.
4.5.2 KOH Polishing 4 μm-deep, 200 nm-pitch Gratings
The success of polishing 200 nm-pitch gratings at depths of 2.5 μm led to experiments
for pushing the depth to 4 μm. (The actual depth was closer to 3.5 μm. SEM images
from this etch are also shown in Sections 2.7.3 and 4.1.) The mask was chrome
on LPCVD SixNy described in Section 2.7.3 and it was not image reversed to have
channels on the order of 150 nm. See Figure 4-26 for an SEM image of the deep etch
and progressive polishing experiments from 12, 22 and 30 minutes 50% KOH. No
ultrasonic agitation was used and the KOH solution contained surfactant. The deep
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etch was clearly rough as shown in Figure 4-26a and it could only be polished for 12
minutes prior to the center of the bars etched away. The failure was attributed to
the roughness and bowing process of the deep etch. The narrow waist of the grating
bar combined with the roughness could have left less than 40 nm of silicon between
two {111} planes. The details of this issue are described in Sections 4.1 and 4.2.1. It
is not easy to quantify the roughness or exact size of the waist of the bars; however,
it was clear the damage started at the waist during KOH polishing as observed in
Figure 4-26. As a result, the deep etch did not appear to be of sufficient quality to
enable a polished 200 nm-pitch grating at a depth of 4 μm.
(a) No Polishing
(b) Zoomed Out 12 Minutes Polishing
Figure 4-26
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(c) 12 Minutes Polishing
(d) Zoomed Out 22 Minutes Polishing
Figure 4-26
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(e) 22 Minutes Polishing
(f) Zoomed Out 30 Minutes Polishing
Figure 4-26
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(g) 30 Minutes Polishing
Figure 4-26: Cross section SEM imagery of 200 nm-pitch, 3.5 μm deep grating pol-
ishing experiment with CZ silicon. This is a time series experiment which shows
progressive polishing tests and failure at approximately 22 minutes.
4.5.3 Improved Deep Etch for KOH Polishing 4 μm-deep,
200 nm-pitch Gratings
In order to address the bowing, a new deep etch process was developed with the
collaboration of Dr. Steve Vargo at SPTS. This new process, utilized with a 300 nm-
thick thermal SiO2 described in Section 2.8, significantly reduced the bowing of the
deep etch and the minimum bar-width was increased to 100 nm. See Table 4.1 for the
process parameters and Figure 4-27 for SEM imagery. The new process increased the
passivation step duration by 50% and decreased the coil power by 25%. The etch step
is made more potent by increasing the coil power by 36% and decreasing the ratio of
C4F8 to SF6. The selectivity of the etch decreased, which was the only drawback of
the process, and almost no mask remained at a depth of 4 μm.
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Device Parameter Deposition Cycle Etch Cycle
SF6 Flow Rate (SCCM) 0 175
C4F8 Flow Rate (SCCM) 150 50-25
Coil Power (Watts) 1500 1500
Platen Power (Watts) 0 50-65
Cycle Time (Seconds) 1.5 1.5
Base Pressure (mTorr) 10 10
Chuck Temperature (◦ C) -15 -15
Table 4.1: Table of Improved Nanoscale DRIE Parameters 5
5Etch parameters developed in collaboration with Steven Vargo
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(a) Zoomed Out
(b) Zoomed In Sidewall
Figure 4-27: Cross section SEM imagery of improved deep-etch process. This sample
was etched for 9 minutes 30 seconds and was not used for later polishing experiments.
A sidewall was observed to show roughness.
4.5.4 Improved KOH Polishing 4 μm-deep, 200 nm-pitch Grat-
ings
The new deep-etch process enabled a much longer polishing step, due to the increased
minimum bar-width and reduction in roughness. The deep etch in Figure 4-28a was
etched for 10 minutes to a depth in excess of 4 μm. The longest polishing step was
for 43 minutes and the grating was cleaned with the same process as described in
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section 4.5.1 except no CR-7 was required. The KOH solution was also the same.
The grating roughness was eliminated as judged by SEM observation. The line-width
was reduced to less than 40 nm at the top of the grating bar and less than 70 nm at a
depth of 4 μm. The maximum depth of the polished grating bar was approximately
5 μm, since the KOH etched vertically downward as well as polished the sidewalls.
This line-width reduction demonstrated that KOH polishing is a feasible method to
increase the open-area fraction of the CAT grating. These results are preliminary
and a more refined deep etch and longer polishes will further increase the open-area
fraction. See Figure 4-28 for SEM images of the polished grating.
(a) No Polishing
(b) Zoomed Out
Figure 4-28
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(c) Zoomed In
Figure 4-28: Cross section SEM imagery of polished 200 nm-pitch, 4 μm deep grat-
ings. A sidewall was observed to show improved smoothness. (a) was imaged with a
different SEM and the quality is low but the image is included to show the grating
before polishing.
4.5.5 AFM Data for Polished 4 μm-deep, 200 nm-pitch Grat-
ings
In order to quantify the sidewall roughness, atomic force microscopy (AFM) was used
to scan the sidewall. A polishing experiment was done on a 200 nm-pitch grating that
was etched on the 4 μm device layer of an SOI wafer. This sample used a 300 nm-thick
thermal SiO2 mask that was damaged during cleaning and two 5 nm chrome shadow
evaporations were done to salvage the mask as described in section 2.7.5. The deep
etch was done for 7 minutes and the sample was polished for 30 minutes and cleaved
parallel to the grating lines. The polishing step was shorter to be conservative since
the mask was damaged. (The results from section 4.5.4 would likely be smoother due
to the longer polishing step.) See Figure 4-29 for SEM imagery of the grating before
and after KOH polishing. Figure 4-30a and 4-30b show SEM and AFM imagery
respectively of the cross section cleaved parallel to the grating lines. The cleaved
cross section was mounted face up and scanned over different regions of the grating
sidewall. The cleave damaged the sidewalls and complete scans were not possible.
194
Furthermore several grating bars are cleaved between Level 1 supports as seen in
Figure 4-30a, which also prevented large areas from being scanned. Regions spanning
1 μm on a side were scanned with RMS roughness value ranging from 0.7 to 1.5
nm, which is in the range necessary to reflect soft x-rays. See Figure 4-30 for AFM
data of the grating sidewalls. These results are preliminary; however, they quantify
the sidewall roughness and corroborate the SEM imagery that the smoothness is
approximately 1 nm.
(a) No polishing
(b) 30 minutes polishing
Figure 4-29: Cross section SEM imagery of 200 nm-pitch, 4 μm deep grating before
and after 30 minutes polishing. The grating was etched on an SOI wafer with a 4 μm
device layer.
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(a) Side view SEM image no polishing
(b) Side view AFM image 30 minutes polishing
Figure 4-30
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(c) AFM image no polishing
(d) AFM image 30 minutes polishing
Figure 4-30197
(e) Small area AFM image 30 minutes polishing
Figure 4-30: AFM data of both unpolished and polished sidewalls. (a) shows the side
view in the SEM for clarity. The AFM images were taken of a similar cross section
flipped 180◦. The RMS roughness for Figures (c), (d), (e) are 4.354, 1.091 and 0.781
nm respectively.
4.6 Summary of KOH Polishing
Several experiments were conducted to demonstrate that 200 nm-pitch silicon grat-
ings, deep etched via the Bosch process to 4 μm, could be KOH polished. The
polishing reduced the sidewall roughness from approximately 4 nm to 1 nm RMS
and reduced the size of the grating bars from 100 to less than 70 nm. These exper-
iments led to innovations in lithography, deep etching and a better understanding
of KOH etching nanoscale features. A novel alignment technique was developed to
use a Mach-Zehnder in combination with a pre-etched wagon wheel to align the 200
nm-pitch grating lines within 0.2◦ C to the {111} silicon planes. An improved deep
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etch was developed to enable 200 nm-pitch lines to be etched to a depth of 4 μm
with a minimum bar-thickness of 100 nm. The grating bars are fragile and ultrasonic
agitation was discovered to cause damage and prevent reliable deep etches. Further-
more the samples needed to be processed carefully to avoid mechanical damage. For
example air drying led to damaged grating bars which prevented polishing. All of
these factors were important to enable a sufficient polishing process.
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Chapter 5
Preliminary Analysis for Launch
and Deployment in Space
5.1 Preliminary Structural Requirements
The main structural requirement of the CAT grating structure is to withstand space
launch. At present there is no specific mission plan for the CAT grating and the
Ariane 5 is a reasonable example launch vehicle since it can launch 10 metric tons to a
geostationary transfer orbit [124]. There are three major considerations for the launch:
low frequency vibrations, acoustic vibrations and stage separation shock forces. In
space the grating must stay structurally sound for the duration of a mission, which
includes the ability to withstand temperature changes and radiation. Furthermore all
of the bonds in the grating structure, such as the interface between the device silicon
and buried SiO2, must remain intact over the lifetime of the mission. Furthermore
many grating facets will be aligned inside the telescope and they must stay aligned
through launch and deployment in space.
5.1.1 Ariane 5 Launch and Telescope Conditions
The environmental conditions for the Ariane 5 are outlined in the launch vehicle
manual [124]. The low frequency vibrations are reported as 1.0 (gravities, g) from
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2-50 Hz and 0.8 (g) from 50-100 for longitudinal vibrations. Lateral vibrations are
reported at 0.8 (gravities, g) from 2-25 Hz and 0.6 (g) from 25-100 Hz. The highest
reported static accelerations are less than 4.55 g longitudinal and 0.25 g lateral. The
acoustic noise is reproduced in table 5.1 and for reference (0 dB = 2 × 10−5 Pa), and
OASPL is the overall acoustic sound pressure level. The largest shock forces for the
spacecraft occur at stage separation and are reproduced in table 5.2.
Table 5.1: Table of upper acoustic vibration limit under the fairing for the Ariane 5
Octave center frequency (Hz) Flight limit level (db)
31.5 128
63 131
125 136
250 133
500 129
1000 123
2000 116
OASPL (20-2828 Hz) 139.5
Table 5.2: Table of the shock spectrum for the upper stage separation at the spacecraft
interface for the Ariane 5
Frequency (Hz) Acceleration (g)
100 20
400 650
665 880
1000 2000
10000 2000
The telescope will have a stable thermal environment since the mirrors and other
instrumentation are sensitive to temperature changes. The IXO systems definition
document provides an overview and guide of the requirements for IXO which serves
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as an example mission for the CAT grating [79]. The IXO telescope had a minimum
5 year mission lifetime with 10 years as the goal and plan for mission consumables.
As a general requirement, the CAT grating should not be a limiting instrument on
the telescope for any of the environmental concerns. For the example of temperature,
the mirrors cannot survive outside of the temperature range 10◦ C to 30◦ C. As
a result the CAT grating should survive that range. The mirror are designed to
operate at 20◦ C with a ±1◦ C spatial temperature gradient requirement and ±0.1◦ C
temporal temperature gradient requirement. The CAT grating must operate within
the same requirements. The CAT grating does have a sensitivity to spatial thermal
gradients since the period must be uniform to within 1 part in 5 × 104. (Changes in
period change the angle of the diffraction orders, and a gradient in the period will
degrade the resolution by widening the orders.) The coefficient of thermal expansion
(CTE) of silicon is approximately 2.6× 10−6 K−1 [125]. As a result, the temperature
change across the gratings must be less than 7.7◦ C, which is well above the operating
conditions of the mirrors. The plan calls for 2.5 mm of Aluminum shielding and a
total radiation dose of 27 krad (without a 2x safety margin). The CAT grating should
be much more resistant to radiation than the CCD detectors and other instruments
since it is a passive device. Furthermore if individual grating bars get damaged, the
remainder of the area will still diffract x-rays.
5.2 Overview of CAT Grating Structures
The structural analysis is broken down into several problems for the CAT grating.
The CAT grating has a hierarchical support structure as described and shown in
section 3.6. Each individual grating bar must be rigid enough to prevent buckling or
bending and touching the neighboring bars. The grating bars are essentially nanoscale
flat plates. The grating bars connect to the Level 1 support to create a mm-spanning
film. This grating film connects to the Level 2 support structure which is an array
of mm-scale hexagons spanning cm. The Level 2 support is connected to a Level 3
frame to create a grating facet, and large arrays of these facets will be mounted to
203
the telescope. The CAT grating Level 1 and Level 2 structures are all processed from
a single SOI silicon wafer. This silicon structure requires a bonding agent to attach
it to the Level 3 frame, which will likely be metal or composite.
5.2.1 Preliminary Structural Testing
The freestanding CAT grating structure described in chapter 3 takes several months
to fabricate and only a limited number of samples were built. It was not possible
to structurally test them, and instead a basic set of experiments were carried out to
test Level 3 frames bonded to a silicon Level 2 support structure. These experiments
were carried out by Jonathan Yam, an intern in the SNL, with the guidance of the
author. 1 The Level 3 frames were square with an open-area spanning 33 mm.
The border was 3 mm-thick and 3 mm-wide, with a square handle 10 mm on a
side. The Level 2 frames had no grating or film on them and were through-etched 1
mm-wide hexagons with a 10% duty cycle in bulk silicon, 500 μm-thick. See Figure
5-1 for example images of the Level 2 silicon support structure and a Level 3 Invar
frame. The goal was to evaluate different materials for the Level 3 frame, compare
two different bonding techniques between the frame and the silicon, and evaluate the
structural integrity of the silicon Level 2 support structure. Three different structural
tests were done at Draper Laboratory: mechanical vibration, shock, and thermal
cycling. The mechanical vibration tests were done with the Ariane 5 profile and
a more aggressive 5 (g) sweep from 20 to 2000 Hz. See Figure 5-2 for an image
of a sample mounted to the vibration system. The mechanical vibrations were all
longitudinal. Shock tests were conducted with the profile in table 5.2. Ten thermal
cycles were done from approximately -20 to 70◦ C with a period of approximately
60 minutes. Accelerometers were placed on the Level 3 frames and on the Level 2
mesh during the vibration and shock tests. Strain gauges were mounted to the Level
2 mesh at the bonded region to the Level 3 frames for the temperature cycling tests.
1The experimental work was mostly completed by Yam, and only a summary is presented here
as a guide for future tests. The modeling and data analysis is by the author.
204
(a) Level 2 and 3 support structures
(b) Level 2 on top of Level 3
Figure 5-1: Photograph of Level 2 and Level 3 support structures before epoxy bond-
ing. US quarter for reference 2
2Image courtesy of Jonathan Yam and Ralf Heilmann
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Figure 5-2: Photograph of level 3 Hexaloy frame with a bonded level 2 honeycomb
structure. The structure is on a vibration table and is monitored with accelerometers
3
Three different materials were used for the Level 3 frame: Invar 36, a nickel iron
alloy, hardened Invar (H-Invar) and Hexaloy RO SA SiC, a silicon carbide ceramic.
The material properties of Invar 36 [126] and Hexaloy RO SA SiC [127] are in table 5.3.
The hardened Invar was a custom alloy from Aperam that is heated and chemically
treated to have a CTE of 2.6× 10−6 K−1 [128] 4 The H-Invar was a custom material
and the precise material properties data was not known. Two different bonding
techniques were used to bond the Level 2 silicon mesh to the Level 3 frame. A
low (12×10−6 K−1) CTE epoxy, Master Bond Polymer System EP30LTE-LO, that
also passed NASA’s test for outgassing, was the conservative method [129]. A new
type of bond known as reactive bonding, by the Fraunhofer Research Institution for
Electronic Nano Systems, utilizes an exothermic reaction between multiple bilayers
3Image taken by Draper Labs
4Email correspondence between Yam and Pierre-Louis Reydet of Aperam suggested this CTE
was possible.
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of nickel/aluminum sandwiched between solder to bond two materials [130]. The
advantage of the bond technique is to locally heat the bonding materials without
heating the bulk materials to be bonded. The bond layer is also very thin and
uniform as well. Test were done with both Hexaloy and Invar with reactive bonding
that had 800, 50 nm-thick bilayers, between two 10 μm-thick Sn solder layers for
a total thickness of 60 μm. For logistical reasons it was not possible to test every
material and bond combination. The test articles were: epoxy bonds with Invar 36,
H-Invar and Hexaloy and reactive bonding with Invar 36 and H-Invar. (The H-Invar
bonded via reactive bonding was damaged from packaging.)
As a preliminary way to gain insight into the effects of structural loads on the
grating film, the sample from section 3.5.1, shown in Figure 3-13 was bonded via epoxy
to an Aluminum frame and carried through the same structural tests as the other
samples. The grating bars were stuck together and many of the films were already
torn from inspection or processing. The experiment could only obtain qualitative
insight at best.
Table 5.3: Table of the material properies for Hexaloy RO SA SiC and Invar 36
Material Property Hexaloy RO SA SiC Invar 36
density (g/cm3) 3.1 8.0
Modulus of Elasticity (GPa) 410 148
Poisson Ratio 0.14 0.29
CTE (×10−6 K−1) 4.02 1.3
The first 6 resonant frequencies were calculated for the Level 3 frames and for
the Level 2 support mesh via calculating the eigenmodes with ADINA finite element
analysis software [84]. The resonant frequencies for the Level 2 silicon mesh assumed
the four sides were fixed in position and rotation and one study where vertical motion
was allowed. The material properties for the H-Invar were used from the Aperam
website and could be considerably different than the treated samples tested [128]. The
modulus of elasticity was assumed to be 140 GPa and density 8.13 g/cm3, the Poisson
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ratio of 0.29 was not included and assumed to be the same as Invar 36. The purpose
of these calculations was to see if the theory and experiments showed a match to build
confidence for the modeling techniques. See table 5.4 for the resonant frequencies and
Figure 5-3 for example ADINA snapshots of the meshes and eigenmodes of the Level
2 and 3 structures.
Table 5.4: Table of the resonant frequencies for the Level 3 and Level 2 structures
Structure Invar 36 Hexaloy H-Invar Level 2
Silicon
Fixed 4 Sides
Level 2
Silicon
Free Z-Axis
Freq. 1
(Hz)
500 1421 524 4309 4279
Freq. 2
(Hz)
741 2043 777 8661 8495
Freq. 3
(Hz)
1109 3152 1162 8754 8647
Freq. 4
(Hz)
2469 6803 2588 12751 12664
Freq. 5
(Hz)
3482 9608 3651 15353 13760
Freq. 6
(Hz)
3676 10148 3854 15594 15349
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(a) Mesh grid for Level 3 frame
(b) First Eigenmode for Level 3 frame
Figure 5-3
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(c) Mesh grid for Level 3 frame
(d) Second Eigenmode for Level 2 structure
Figure 5-3: Example ADINA snapshots of the mesh grid and eigenmodes of the Level
2 and 3 structures.
5.2.2 Preliminary Structural Testing Results
The results from the tests provided valuable insight. The mechanical vibration tests
were completely benign and no evidence of damage was observed on any sample,
even with the aggressive 5 g sweep from 20 to 2000 Hz. The resonant frequencies
for the Level 3 frames were also easy to identify and a sample of the output data for
the accelerometers is in Figure 5-4. The resonant frequencies are in table 5.5. The
calculated resonant frequencies for the Level 2 silicon structure were over a factor of
two outside the maximum frequency tested and no observations were made. The first
resonant frequencies match the calculated results quite well, all within 15% of the
predictions. There were jumps in the output accelerometers that appeared to be the
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second and third resonant frequencies for the Invar 36 and H-Invar frames. It was not
clear that these were in fact resonant frequencies; however, they match the calculated
results to within 22% and 7% for the second and third frequencies, respectively. The
vibration tests also did not cause visual damage to the sample with the film of grating
bars stuck together.
The shock tests were very destructive to the samples. The full shock as reported
in table 5.2 completely destroyed the Level 2 silicon support structure. The Level 3
structures suffered no observable damage in the tests. The shock also tore the silicon
off of the Invar for samples that used reactive bonding. No damage was observed
at the epoxy bond interface, which suggest reactive bonding is not suitable for the
CAT grating project. The shock was reduced in intensity to a level such that the
samples survived. See Figure 5-5 for an example plot of the shock intensities that
both destroyed and did not destroy the Level 2 structure. The shock values reported in
the Ariane 5 handbook manual are a worst case scenario for the spacecraft. Chemoul
et al. studied the environmental effects for dummy payloads and found the shocks
the payloads really experience to be roughly 10 dB lower than specification [78].
Such a reduction is within the range of the shock that did not destroy the Level 2
structure. Regardless it was clear from the tests that silicon structures are sensitive to
stage separation shocks and this should be a major consideration for future structural
designs. The Hexaloy frame was the best frame for shock forces since it is both stiff
and light weight. This reduced the Level 3 frame’s flexion during the shock and
therefore reduced the flexion of the silicon structure, since they were bonded and
followed the same contour.
The thermal cycling tests showed no observable damage to the Level 2 and 3
structures nor the bond interface. The strain gauges were not mounted well and
no useful data was obtained. The thermal test did cause visual color change of the
films on the sample with the film of grating bars stuck together. No quantitative
or microscope image data was taken; however, this suggest that temperature effects
could be important on the grating films. Future tests of CAT grating films should
include temperature cycling.
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Table 5.5: Table of the measured resonant frequencies of Level 3 frame
Material Hexaloy Invar 36 H-Invar
Resonant Frequency 1 (Hz) 1210 493 549
Resonant Frequency 2 (Hz) - 890 939
Resonant Frequency 3 (Hz) - 1181 1225
Figure 5-4: Plot of frequency vs measured log10 acceleration (g) on the level 3 frame.
The peaks represent resonant frequencies.
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Figure 5-5: Plot of log10 acceleration vs log10 frequency (Hz) of the shock tests. The
data is for an accelerometer mounted to the test base, to represent the shock to the
sample.
5.3 Recommendations for Future Structural Mod-
eling and Testing
This sections describes recommendations for future structural modeling and testing
of the CAT grating and hierarchical support structure.
5.3.1 Structural Modeling
The Level 3 frame and Level 2 structure and individual grating bars are simple enough
to model with modern computers. For example, FEA via ADINA of an individual
grating bar was done during the MIT FEA course 2.093, and the lowest resonant
frequency was found to be 6.9 MHz, which is well above any launch vibrations [78]
[124]. The film of grating bars depicted in Figures 1-12, 3-19 and 3-20 is the most
challenging and important aspect of the CAT grating structure to model. The CAT
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grating bars and Level 1 supports should be as thin as possible to minimize x-ray
blockage. However, if the bars are too thin the structure may buckle, tear or fail etc.
As a result there is an optimal size for the bars. The film has on the order of a million
grating bars and there exists no structure in the macroscopic world that is similar.
Furthermore, modeling all the grating bars is far in excess of modern computation,
and an abstraction must be made to understand the structural properties of portions
of the film and use those approximations to make a coarser model. The modeling of
composite beams for buildings is an example of how to abstract a complicated problem
into a simpler form. Baskar et al. used FEA and approximations for the stress-
strain curve to model steel-concrete composite girders [131]. Ayoub et al. derived
a new element for steel-concrete composites with approximations for internal forces
and transverse displacements to reduce the degrees of freedom in the structural model
[132]. The structure is periodic and depending on the deformation, it may be possible
to use periodic boundary conditions in a finite element simulation. For example
Wadley et al. demonstrated this for mm-scale metal sandwich structures with periodic
structures [133]. It is likely this work will involve deriving new elements to simplify
the film and applying different elements at boundaries to maintain high fidelity only in
local regions. Gupta demonstrated an example of creating an element to join regions
of fine grids to coarse grids [134], which is similar to matching the grating film to
the Level 2 structure. Bathe et al. outlined the approach of hierarchical modeling,
starting with the physical problem, moving to the mathematical model, the finite
element solution, and then interpreting and refining the process [135]. This approach
is the basis of modern numerical structural analysis and could be used for modeling
the CAT grating.
The basics of FEA are described below following closely the text by Bathe [83].
Furthermore, this is a very simplified set of equations just to elaborate some of the
challenges associated with simplifying the grating film. In linear FEA solid mechanics,
the deformations are assumed small and the Lagrangian coordinate system is used,
which follows a fixed set of material particles as they move through space.
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First an equilibrium analysis is performed,
∫
V
²ˉT τdV =
∑
i
ˉˆ
U iT Rˆic, (5.1)
which states the integration of the transpose of the virtual strains ²ˉ times the stresses
τ (the internal work) is equal to the transpose of the virtual displacements
ˉˆ
U times
the external loads Rˆc, (the external virtual work). The virtual parameters denoted
with a bar on top mean they are not the real displacements and used as a thought
experiment. This is a trick in FEA which simplifies the equations to create a stiffness
matrix for an element as will be shown. (Body and surface forces are left out for
simplicity.)
For a given element, an interpolation matrix H must be made which weights the
nodal positions, Uˆ to position u(x, y, z) in the element,
u(x, y, z) = H(x, y, z)Uˆ . (5.2)
These interpolation matrices are often simple linear functions for four node elements
or quadratic for 9 node elements. A similar B matrix is formed that weights the nodal
positions to strains ²(x, y, z) in the element
²(x, y, z) = B(x, y, z)Uˆ . (5.3)
A physical law is applied which relates stress (τ) to strain (²) with an elasticity matrix
C,
τ = C². (5.4)
The virtual displacements and strains are applied to equations 5.2 and 5.3,
uˉ(x, y, z) = H(x, y, z)
ˉˆ
U, (5.5)
²ˉ(x, y, z) = B(x, y, z)
ˉˆ
U. (5.6)
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Equations 5.4 and 5.6 are put into the left side of equation 5.1, and assuming just
one external load vector gives,
ˉˆ
UT
[ ∫
V
BT CBdV
]
Uˆ =
ˉˆ
UT Rˆc. (5.7)
The virtual
ˉˆ
U is assumed to be the identity matrix, which simplifies the equation to,
KUˆ = Rˆc, (5.8)
where K is the stiffness matrix relating the nodal positions to the applied forces,
K =
∫
V
BT CBdV. (5.9)
This matrix allows the calculation of the nodes of the element, knowing the applied
forces. The derivation of an approximate K matrix will likely be critical in the analysis
to simplify the grating film. The material stress-strain law must be understood and
then appropriate interpolation functions must also be found.
Small regions of the grating have been modeled during the MIT FEA course 2.093
and below are some sample results. The purpose of the experiment was to observe
how the deflection changed with the number and thickness of the grating bars. In this
model 15 grating bars were modeled each with 8 × 8, 4-node shell elements attached
to Level 1 supports modeled with 27-node, 3-dimensional elements. The 8 corners of
the structure were pinned down. 1 MPa was applied to the top and side of one of
the Level 1 supports, and 100 kPa was applied to the face of the Level 1 support.
The mesh with applied pressures, and an example of an x-displacement result are
presented in Figures 5-6 and 5-7. The experiment was repeated three times such that
the number of grating bars were decreased approximately by a factor of two, and
the thickness approximately doubled to maintain the same quantity of material. The
maximum displacement stayed within 2.2% after two reductions and within by 13.2%
for the final reduction. This suggest that a factor of four decrease in the complexity
of the structure could yield similar structural results for the case of static loads.
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Figure 5-6: Mesh of grating and cross supports with applied pressure loads
Figure 5-7: X-displacement in grating bar and structural support
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The details of this particular experiment are not directly related to the CAT
grating; however, similar simplifications could be done in an effort to model the
entire grating film.
5.3.2 Structural Testing
The preliminary structural test showed that mechanical vibrations were benign to
the Level 3 frames and Level 2 support structure. Shocks were very destructive and
thermal cycling showed no damage; however, the experiments had errors in them to
make the results inconclusive. The grating film may be flimsy enough to warrant
mechanical vibration test and certainly will require testing for shocks and thermal
cycling. The vibrational testing should also include lateral tests as well. Further-
more, future tests should included acoustic testing since sound pressure could burst
the grating films. The film may also be sensitive to static gravity loads during launch
and centrifuge testing should be done as well. It is likely that thermal expansion mis-
matches at the Level 3 frame and Level 2 structure interface will not cause structural
damage and an epoxy can be used for the bond.(The thermal test had a range of 90 ◦
C which is 4.5 time more than the mirrors are requires and no damage was observed.)
Since shock forces were the dominant concern in the tests, a stiff yet strong Level 3
frame should be used such as Hexaloy RO SA SiC. Furthermore the samples were only
mounted at one point and a multi-point mounting scheme should be used to minimize
deflections during shocks.
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Chapter 6
Conclusion
The development of a large open-area CAT grating presents an opportunity to accel-
erate break-through science in astronomy, and to develop new and useful nano and
micro fabrication techniques. Astronomers have used previous x-ray spectrometers to
better understand the makeup of the universe, and this tool will be of value towards
furthering x-ray science. The basic optical theory of the CAT grating is presented and
a target resolution of 3000 (λ/Δλ) with an effective area over 1000 cm2 is planned for
future x-ray telescopes. The fabrication of the grating led to break-through techniques
in nanofabrication.
A two-dimensional, 200 nm and 5 μm-pitch, mask was successfully developed in
thermal SiO2. The mask was used to develop a nanoscale Bosch DRIE process for
etching silicon to a depth of 4 μm. A chrome mask was also developed for deep-silicon
etching, and techniques for using chrome to shadow mask thermal SiO2, and image
reverse masks were also developed. Interference lithography and multi-layer stacks
were used for pattern transfer into the final mask material. The mask technology and
deep-etch led to the development of a freestanding structure that was at least twice
the state-of-the-art in aspect ratio at approximately 200 nm-pitch. The fabrication
process for the freestanding grating utilized two deep-etches on the front and back
side of an SOI wafer. The front side with the CAT grating was etched first and a
novel technique for filling and protecting the delicate grating was developed to protect
it while the back side was etched. The use of Bosch DRIE enabled large open-area
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fractions (30%) over cm-scale lengths of the SOI wafer. The open-area fraction can
be increased with a more refined structural support. Lastly the Bosh process does
not produce sidewalls smooth enough to reflect soft x-rays. A technique is presented
to smooth the sidewall roughness from approximately 4 to 1 nm RMS via KOH
etching. A novel technique was developed to align the CAT grating bars to the {111}
silicon planes and the sidewalls could be etched and polished for 43 minutes in KOH
without being destroyed. Ultrasonic agitation during KOH etching was discovered to
cause destruction during etching. An improved nanoscale Bosch DRIE process was
developed to reduce lateral etching of the grating bars to leave enough silicon to be
polished without etching holes through the silicon. In addition to reducing roughness,
the polishing process reduced the line-width of the grating bars from approximately
100 to less than 70 nm, which will increase the open-area of the CAT grating.
The CAT grating nanofabrication process is now ready for experiments to fabricate
freestanding gratings with polished sidewalls. These gratings can then be integrated
into an optical system and tested with x-rays to demonstrate both efficiency and
resolution. The CAT grating will require structural supports to enable safe handling
and launch and deployment into space. At present the CAT grating was developed
with a 5 μm Level 1 cross support, which supported the freestanding CAT grating
bars over a 1 mm-wide hexagon. The Level 2 hexagonal support structure is 500 μm-
thick and in the handle layer of the SOI wafer. The array of Level 2 structure spans
over 3 cm and can be bonded to an external metal or ceramic frame. An outline of the
launch environment for the Ariane 5 launch vehicle and IXO telescope is presented
with preliminary structural tests for the Level 3 frames and Level 2 silicon structure.
It was learned that shocks from stage separation are the most destructive aspect of
the launch process. The fabrication processes presented here can be used to fabricate
large numbers of freestanding gratings for future structural testing.
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Appendix A
Recipe for 200 nm-pitch
freestanding gratings
Below is an enumerated procedure for fabricating the 200 nm-pitch grating in labs
at MIT and the University of Michigan. The wafers start as SOI wafers purchased
from Ultrasil Corporation. The device layer was 4 μm-thick, ± 0.5μm, with <100>
orientation. The buried layer was 0.5 μm thermal SiO2 and the handle layer was 500
μm-thick, <100> orientation. Ultrasil grew 400 nm thermal SiO2 on the front and
back side. 4 μm PECVD oxide was deposited on the back by a vendor for Ultrasil or
deposited in TRL via the STS CVD tool.
Note: The term ”standard procedure” means the standard lab procedures in the
given fabrication labs at MIT or the University of Michigan .
1. In TRL, standard procedure, piranha clean, rinse and dry wafers.
2. In TRL, standard procedure, vapor HMDS coat, and apply 7 microns photore-
sist and pattern back side via contact lithography, tool EV1.
3. In TRL or Michigan, standard procedure, etch back side PECVD and thermal
SiO2 via the Lam590 in TRL or SPTS APS deep glass etcher in Michigan.
4. In SNL, standard procedure, piranha clean, rinse and dry wafers.
5. Build trilayer stack on front side.
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• In SNL or TRL, spin 400 nm Barli 0.25 μm ARC (1.5 krpm), hotplate
bake 175◦ C, 90 seconds.
• In TRL, evaporate 15 nm Ta2O5 followed by 15 nm SiO2.
• In TRL, UV Ozone clean at least 15 minutes.
• In TRL, Apply HMDS via vapor deposition.
• In SNL or TRL, spin 200 nm PFI88-A2 photoresist (3 krpm), hotplate
bake 90◦ C, 90 seconds.
6. In SNL, expose photoresist on IL table.
• Expose ≈ 140 seconds, .25 mW/cm2.
• Standard procedure, develop OPD 262 photoresist for 60 seconds, rinse
and dry.
7. In TRL, etch trilayer stack on Plasmaquest.
• Etch each layer via the process in Table 2.1 or the improved process in
Table 2.4 with a longer final SiO2 etch.
• Etch times will change and dummies should be used to calibrate each etch
with SEM inspection.
8. In TRL, standard procedure, piranha clean, rinse and dry wafers.
9. Pattern Level 1 support.
• In TRL, apply HMDS via vapor deposition.
• In SNL or TRL, spin 700 nm PFI88-A7 photoresist (3 krpm), hotplate
bake 90◦ C for 90 seconds.
• In SNL, expose 5 μm-pitch Level 1 lines ∼ perpendicular to CAT grating
lines (using wafer flat for alignment), ∼ .45 mW/cm2 ∼ 400 seconds.
• Standard procedure, develop OPD 262 photoresist for 60 seconds, rinse
and dry.
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• In TRL, standard procedure, ash for 8 minutes.
10. In SNL, bond sample to carrier via custom vacuum bonder.
• Turn on vacuum bonder hotplate set to 80◦ C (takes over an hour to heat).
• Place carrier wafer (silicon with 1 μm thermal SiO2) in aluminum holder
and gently tape sample to claw via carbon tape.
• Apply even coat of crystal bond to carrier in region where sample will go.
• Align sample over carrier and turn on vacuum pump and pump down to
below 700 mTorr.
• Press sample onto carrier and hold for 10 seconds.
• Vent vacuum chamber and pull sample up, let cool for five minutes.
• Gently remove sample from claw of vacuum bonder.
• Note: This is the standard procedure.
11. In Michigan, etch CAT grating lines.
• Ech via SPTS Pegasus tool with parameters in table 2.2 with a linear
platen ramp from 30 to 57 watts ∼ 10 minutes (etch rates varies ∼ 10%
and dummies need to be used to calibrate).
12. In SNL, fill and protect front side.
• Spin coat entire sample with PFI88-A7 and spin for 60 seconds at 3 krpm.
• Place in belljar vacuum chamber for at least 60 seconds at ∼ 0.25 atm
pressure.
• Hotplate bake 90◦ C for 90 seconds.
• Repeat with another layer of PFI88-A7 and another coat AZ4620 photore-
sist.
13. In SNL, bond sample to carrier via custom vacuum bonder.
223
• Standard procedure except the remaining part of the carrier needs to be
coated with ∼ 10 μm AZ4620 photoresist to further protect carrier.
14. In Michigan, etch back side.
• Etch back side via SPTS Pegasus, tool Recipe # 1, ∼ 80 minutes.
• When etch approaches buried SiO2, stop etch, remove sample, cover regions
that fully etched, continue etching and protecting until all hexagons clear.
15. In SNL, etch buried SiO2.
• 1:10 DI Water:HF for 10 minutes.
16. In SNL, release from carrier.
• Cut any silicon not etched to carrier in scribe lanes via razor blade.
• Place sample in ∼ 200 ml DI water on hotplate set to 200◦ C.
• Note: The sample must not be allowed to contact air and dry after this
step. It should either be kept submerged through all of the following steps
or moved quickly between beakers before the liquid evaporates.
• Place a tweezer or another weight on sample to prevent from floating free.
• After ∼ 30 minutes gently remove sample.
17. In SNL, piranha clean twice
• Secure sample in beaker to prevent from floating free.
18. In SNL and NSL, critical-point dry.
• In SNL, quickly place sample in 1:1 DI Water:Anhydrous alcohol.
• In SNL, quickly place sample in pure Anhydrous alcohol.
• In NSL, critical-point dry.
• Note: This is the standard procedure.
19. In TRL, standard procedure, ash for 24 minutes.
224
Appendix B
Recipe for 200 nm-pitch KOH
polishing
Below is an enumerated procedure for the 200 nm-pitch polishing process grating in
the labs at MIT and the University Michigan. The wafers start as 100 mm bulk
silicon wafers purchased from Nova Electronic Materials, <110> ±0.25◦, primary flat
{111} ±0.5◦, secondary flat 109.5◦ CW. 400 nm thermal SiO2 was grown with the
standard procedures in ICL, which was later determined to be too much.
1. In TRL, standard procedure, piranha clean, rinse and dry wafers.
2. In TRL, standard procedure, BHF etch for ∼ 60 seconds to reduce SiO2 thick-
ness to ≈ 300 nm, rinse and dry wafers.
3. In TRL, evaporate 30 nm chrome via EbeamAU.
• Cover the regions for the wagon wheel and alignment grating patch with
Kapton tape prior to evaporation and remove when done.
4. In TRL, standard procedure, piranha clean, rinse and dry wafers.
5. In TRL, standard procedure, vapor HMDS coat, and apply 1 micron photoresist
and pattern wagon wheel and grating patch via contact lithography, tool EV1.
(Wagon wheel should be aligned to within ±1.0◦ to major flat.)
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6. Etch thermal SiO2 on wagon-wheel and grating patch.
• Cover majority of wafer with a dummy except wagon wheel and grating
patch.
• In TRL, etch wagon wheel with plasmaquest, last recipe in Table 2.4.
7. Etch ∼ 1 μm silicon on grating patch for efficient diffraction.
• Cover majority of wafer with a dummy except grating patch.
• In TRL etch wagon wheel with STS1 for one cycle of recipe ”JBetch” (∼
60 seconds).
• In TRL or SNL, standard procedure, piranha clean a dummy that has been
etched.
• In SNL, make sure grating patch diffracts efficiently on IL table.
• In TRL, standard procedure, piranha clean, rinse and dry wafers.
8. In SNL, etch wagon wheel in KOH to locate {111} planes.
• Place wafer held vertically in 50% KOH at room temperature for ∼ 30
hours, rinse and dry with a nitrogen gun.
• Locate largest wagon wheel spoke, (the midpoint of the intact region) via
optical microscope.
• In TRL, standard procedure, piranha clean, rinse and dry wafers.
9. Pattern Level 1 support lines in chrome.
• Cover grating patch and wagon wheel with Kapton tape.
• Spin ∼ 100 nm Brewer XIRIC-11 ARC (4.2 krpm), remove tape, hotplate
bake 175◦ C, 60 seconds.
• Spin 700 nm PFI88-A7 photoresist (3 krpm), hotplate bake 90◦ C, 90
seconds.
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• In SNL, expose 5 μm-pitch Level 1 lines perpendicular to major flat, ∼ .45
mW/cm2 ∼ 400 seconds.
• Standard procedure, develop OPD 262 photoresist for 60 seconds, rinse
and dry.
• Cover grating patch and wagon wheel with Kapton tape.
• In TRL, etch ARC and chrome via plasmaquest with the ARC etch in
Table 2.1 for 100 seconds followed by the chrome etch in Table 2.3 for 160
seconds.
• Etch times will change and dummies should be used to calibrate each etch
with SEM inspection.
• Remove tape, in TRL, standard procedure, piranha clean, rinse and dry
wafers.
10. Build trilayer stack.
• Cover grating patch and wagon wheel with Kapton tape.
• In SNL or TRL, spin 400 nm Barli 0.25 μm ARC (1.5 krpm), remove tape,
hotplate bake 175◦ C, 90 seconds.
• Cover grating patch and wagon wheel with Kapton tape.
• In TRL, evaporate 15 nm Ta2O5 followed by 15 nm SiO2, remove tape.
• In TRL, UV Ozone clean at least 15 minutes.
• In TRL, Apply HMDS via vapor deposition.
• Cover grating patch and wagon wheel with Kapton tape.
• In SNL or TRL, spin 120 nm PFI88-A1 photoresist (1.5 krpm), remove
tape, hotplate bake 90◦ C, 90 seconds.
11. In SNL, expose photoresist on IL table aligned to {111} planes.
• Mount wafer on IL table chuck and cover the majority of it except the
grating patch.
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• Open the shutter and expose the grating patch and rotate wafer such that
the two sets of diffractions orders overlap, close the shutter.
• Remove cover from wafer and rotate the chuck by the amount determined
in the KOH etch of the wagon wheel.
• Expose ≈ 85 seconds, .25 mW/cm2.
• Standard procedure, develop OPD 262 photoresist for 60 seconds, rinse
and dry.
12. In TRL, etch trilayer stack on Plasmaquest.
• Etch each layer via the process in Table 2.1 or the improved process in
Table 2.4 with a longer final SiO2 etch.
• Etch times will change and dummies should be used to calibrate each etch
with SEM inspection.
13. In TRL, standard procedure, piranha clean, rinse and dry wafers.
14. In SNL, standard procedure, bond sample to carrier via custom vacuum bonder.
15. In Michigan, etch CAT grating lines.
• Ech via SPTS Pegasus tool with parameters in table 4.1 for ∼ 9.5 minutes
(etch rates varies ∼ 10% and dummies need to be used to calibrate).
16. In SNL, clean and KOH polish grating.
• Place carrier and sample on hotplate set to 80◦ C for ∼ 60 seconds and
gently separate sample from carrier.
• Note: The sample must not be allowed to contact air and dry. It should ei-
ther be kept submerged through all of the following steps or moved quickly
between beakers before the liquid evaporates.
• Clean Crystalbond and organic contamination, standard procedure, pi-
ranha clean, and rinse.
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• Clean chrome via CR-7 wet etchant for ∼ two minutes, and rinse.
• Clean Bosch polymer via 50 ml Novec 7200 on a hot plate set for 200◦ C
for 10 minutes, and rinse..
• Clean native SiO2 via 50:1 DI water:HF for 60 seconds, and rinse.
• Polish sidewalls via 50% KOH with 0.02% SDSS surfactant (mixed into
the water prior to adding solid KOH), at room temperature, for 30 to 60
minutes, and rinse.
17. In SNL and NSL, critical-point dry.
229
230
Bibliography
[1] Bruccoleri, A., Mukherjee, P., Heilmann, R. K., Yam, J., Schattenburg, M. L.,
and DiPiazza, F., “Fabrication of nanoscale, high throughput, high aspect ratio
freestanding gratings,” Journal of Vacuum Science & Technology B: Microelec-
tronics and Nanometer Structures , Vol. 30, No. 6, 2012, pp. 06FF03–06FF03–5.
[2] Erko, A., Aristov, V., and Vidal, B., Diffraction x-ray Optics , IOP Publishing
Bristol, Bristol, UK, 1996.
[3] Giacconi, R., Gursky, H., Paolini, F. R., and Rossi, B. B., “Evidence for x
Rays From Sources Outside the Solar System,” Physical Review Letters , Vol. 9,
No. 11, Dec 1962, pp. 439–443.
[4] Rossi, B., Moments in the life of a scientist , Cambridge University Press, Cam-
bridge, UK, 1990.
[5] NASA: Goddard Space Flight Center, “NASA’s HEASARC: Observatories, The
Einstein Observatory (HEAO-2),” Website, Jun 2011, http://heasarc.nasa.
gov/docs/einstein/heao2.html.
[6] NASA: Goddard Space Flight Center, “Welcome to the World of X-ray Astron-
omy,” Website, Jan 2011, http://imagine.gsfc.nasa.gov/docs/science/
know_l1/history1_xray.html.
[7] Heilmann, R. K., Davis, J. E., Dewey, D., Bautz, M. W., Foster, R., Bruccoleri,
A., Mukherjee, P., Robinson, D., Huenemoerder, D. P., Marshall, H. L., Schat-
tenburg, M. L., Schulz, N. S., Guo, L. J., Kaplan, A. F., and Schweikart, R. B.,
231
“Critical-angle transmission grating spectrometer for high-resolution soft x-ray
spectroscopy on the International X-ray Observatory,” Proc. SPIE , Vol. 7732,
July 2010, p. 77321J.
[8] NASA: Goddard Space Flight Center, “IXO, International X-ray Observatory,
Technology, X-ray Grating Spectrometer,” Website, Mar 2011, http://ixo.
gsfc.nasa.gov/technology/xgs.html.
[9] Geach, J. E., “The Lost Galaxies,” Scientific American , Vol. 304, No. 5, 2011,
pp. 46–53.
[10] Yao, Y., Nowak, M. A., Wang, Q. D., Schulz, N. S., and Canizares, C. R., “Lim-
its on Hot Galactic Halo Gas from X-Ray Absorption Lines,” The Astrophysical
Journal Letters , Vol. 672, No. 1, Jan. 2008, pp. L21–L24.
[11] Huenemoerder, D. P., Kastner, J. H., Testa, P., Schulz, N. S., and Weintraub,
D. A., “Evidence for Accretion in the High-Resolution X-Ray Spectrum of the
T Tauri Star System Hen 3-600,” The Astrophysical Journal , Vol. 671, No. 1,
Dec. 2007, pp. 592–604.
[12] Schattenburg, M. L., Canizares, C. R., Dewey, D., Flanagan, K. A., Hamnett,
M. A., Levine, A. M., Lum, K. S. K., Manikkalingam, R., Markert, T. H.,
and Smith, H. I., “Transmission grating spectroscopy and the Advanced X-Ray
Astrophysics Facility,” Optical Engineering , Vol. 30, No. 10, 1991, pp. 1590–
1600.
[13] Spiller, E., Soft X-ray optics , SPIE Optical Engineering Press, Bellingham,
WA,, 1994.
[14] Den Herder, J., Brinkman, A., Kahn, S., Branduardi-Raymont, G., Thomsen,
K., Aarts, H., Audard, M., Bixler, J., Den Boggende, A., Cottam, J., and
et al., “The reflection grating spectrometer on board XMM-Newton,” Order A
Journal On The Theory Of Ordered Sets And Its Applications , Vol. 365, No. 1,
2001, pp. 7–17.
232
[15] Williams, R. J., Mathur, S., Nicastro, F., Elvis, M., Drake, J. J., Fang, T.,
Fiore, F., Krongold, Y., Wang, Q. D., and Yao, Y., “Probing the Local Group
Medium toward Markarian 421 with Chandra and the Far Ultraviolet Spectro-
scopic Explorer,” The Astrophysical Journal , Vol. 631, No. 2, 2005, pp. 856–867.
[16] Bregman, J. N., “The Search for the Missing Baryons at Low Redshift,” Annual
Review of Astronomy and Astrophysics , Vol. 45, No. 1, 2007, pp. 221–259.
[17] Harvard-Smithsonian Center for Astrophysics, “Chandra X-Ray Observatory,
Science Instruments,” Website, Apr 2011, http://chandra.harvard.edu/
about/science_instruments.html.
[18] Canizares, C. R., Davis, J. E., Dewey, D., Flanagan, K. A., Galton, E. B.,
Huenemoerder, D. P., Ishibashi, K., Markert, T. H., Marshall, H. L., McGuirk,
M., and et al., “The Chandra High Energy Transmission Grating: Design,
Fabrication, Ground Calibration and Five Years in Flight,” Publications of the
Astronomical Society of the Pacific, Vol. 117, No. 836, 2005, pp. 1144–1171.
[19] Canizares, C. R., Schattenburg, M. L., and Smith, H. I., “The high energy
transmission grating spectrometer for AXAF,” Proc. SPIE , Vol. 597, 1986, pp.
253–260.
[20] Schattenburg, M., Astronomical X-ray Spectroscopy: Studies of the Crab Nebula
and Development of Ultra-Fine Transmission Gratings , Doctoral thesis, Mas-
sachusetts Institute of Technology, Department of Physics, June 1984.
[21] Heilmann, R. K., Ahn, M., and Schattenburg, M. L., “Fabrication and perfor-
mance of blazed transmission gratings for x-ray astronomy,” Society of Photo-
Optical Instrumentation Engineers (SPIE) Conference Series , Vol. 7011 of So-
ciety of Photo-Optical Instrumentation Engineers (SPIE) Conference Series ,
Aug. 2008, pp. 701106–701106–10.
[22] Seely, J. F., Goray, L. I., Kjornrattanawanich, B., Laming, J. M., Holland,
G. E., Flanagan, K. A., Heilmann, R. K., Chang, C. H., Schattenburg, M. L.,
233
and Rasmussen, A. P., “Efficiency of a grazing-incidence off-plane grating in
the soft-x-ray region.” Applied Optics , Vol. 45, No. 8, 2006, pp. 1680–1687.
[23] Bautz, M. W., Cash, W. C., Davis, J. E., Heilmann, R. K., Huenemoerder,
D. P., Schattenburg, M. L., McEntaffer, R., Smith, R., Wolk, S. J., Zhang,
W. W., Jordan, S. P., and Lillie, C. F., “Concepts for high-performance soft
X-ray grating spectroscopy in a moderate-scale mission,” Society of Photo-
Optical Instrumentation Engineers (SPIE) Conference Series , Vol. 8443 of So-
ciety of Photo-Optical Instrumentation Engineers (SPIE) Conference Series ,
Sept. 2012, pp. 844315–844315–9.
[24] Bookbinder, J. A., Smith, R. K., Bandler, S., Garcia, M., Hornschemeier, A.,
Petre, R., and Ptak, A., “The Advanced X-ray Spectroscopic Imaging Obser-
vatory (AXSIO),” Society of Photo-Optical Instrumentation Engineers (SPIE)
Conference Series , Vol. 8443 of Society of Photo-Optical Instrumentation En-
gineers (SPIE) Conference Series , Sept. 2012, pp. 844317–844317–7.
[25] Vikhlinin, A., Reid, P., Tananbaum, H., Schwartz, D. A., Forman, W. R., Jones,
C., Bookbinder, J., Cotroneo, V., Trolier-McKinstry, S., Burrows, D., Bautz,
M. W., Heilmann, R., Davis, J., Bandler, S. R., Weisskopf, M. C., and Murray,
S. S., “SMART-X: Square Meter Arcsecond Resolution x-ray Telescope,” Soci-
ety of Photo-Optical Instrumentation Engineers (SPIE) Conference Series , Vol.
8443 of Society of Photo-Optical Instrumentation Engineers (SPIE) Conference
Series , Sept. 2012, pp. 844316–844316–11.
[26] Heilmann, R. K., Ahn, M., Gullikson, E. M., and Schattenburg, M. L., “Blazed
high-efficiency x-ray diffraction via transmission through arrays of nanometer-
scale mirrors.” Optics Express , Vol. 16, No. 12, 2008, pp. 8658–8669.
[27] Flanagan, K., Ahn, M., Davis, J., Heilmann, R., Huenemoerder, D., Levine,
A., Marshall, H., Prigozhin, G., Rasmussen, A., Ricker, G., Schattenburg,
M., Schulz, N., and Zhao, Y., “Spectrometer concept and design for X-ray as-
tronomy using a blazed transmission grating,” Society of Photo-Optical Instru-
234
mentation Engineers (SPIE) Conference Series , Vol. 6688 of Society of Photo-
Optical Instrumentation Engineers (SPIE) Conference Series , Sept. 2007, pp.
66880Y–66880Y–12.
[28] Heilmann, R. K., Ahn, M., Bautz, M. W., Foster, R., Huenemoerder, D. P.,
Marshall, H. L., Mukherjee, P., Schattenburg, M. L., Schulz, N. S., and Smith,
M., “Development of a critical-angle transmission grating spectrometer for the
International X-Ray Observatory,” Society of Photo-Optical Instrumentation
Engineers (SPIE) Conference Series , Vol. 7437 of Society of Photo-Optical In-
strumentation Engineers (SPIE) Conference Series , Aug. 2009, pp. 74370G–
74370G–12.
[29] Cash, W., “X-ray optics: a technique for high resolution imaging,” Applied
Optics , Vol. 26, No. 14, Jul 1987, pp. 2915–2920.
[30] Henke, B. L., Gullikson, E. M., and Davis, J. C., “X-Ray Interactions: Pho-
toabsorption, Scattering, Transmission, and Reflection at E = 50-30,000 eV,
Z = 1-92,” Atomic Data and Nuclear Data Tables , Vol. 54, No. 2, July 1993,
pp. 181–342.
[31] Attwood, D. T., Soft X-rays and Extreme Ultraviolet Radiation , Cambridge
University Press, United States of America, 1999.
[32] Ceglio, N. M., Kauffman, R. L., Hawryluk, A. M., and Medecki, H., “Time-
resolved x-ray transmission grating spectrometer for studying laser-produced
plasmas.” Applied Optics , Vol. 22, No. 2, 1983, pp. 318–327.
[33] Jitsuno, T., Motokoshi, S., Okamoto, T., Mikami, T., Smith, D., Schatten-
burg, M. L., Kitamura, H., Matsuo, H., Kawasaki, T., Kondo, K., Shiraga,
H., Nakata, Y., Habara, H., Tsubakimoto, K., Kodama, R., Tanaka, K. A.,
Miyanaga, N., and Mima, K., “Development of 91 cm size gratings and mirrors
for LEFX laser system,” Journal of Physics Conference Series , Vol. 112, No. 3,
May 2008, pp. 032002.
235
[34] van Beek, J. T. M., Fleming, R. C., Hindle, P. S., Prentiss, J. D., Schattenburg,
M. L., and Ritzau, S., “Nanoscale freestanding gratings for ultraviolet block-
ing filters,” Journal of Vacuum Science & Technology B: Microelectronics and
Nanometer Structures , Vol. 16, No. 6, Nov. 1998, pp. 3911–3916.
[35] Mukherjee, P., Zurbuchen, T. H., and Jay Guo, L., “Fabrication and testing of
freestanding Si nanogratings for UV filtration on space-based particle sensors,”
Nanotechnology , Vol. 20, No. 32, Aug. 2009, pp. 325301.
[36] Pollock, C. J., Asamura, K., Baldonado, J., Balkey, M. M., Barker, P., Burch,
J. L., Korpela, E. J., Cravens, J., Dirks, G., Fok, M.-C., Funsten, H. O., Grande,
M., Gruntman, M., Hanley, J., Jahn, J.-M., Jenkins, M., Lampton, M., Mar-
ckwordt, M., McComas, D. J., Mukai, T., Penegor, G., Pope, S., Ritzau, S.,
Schattenburg, M. L., Scime, E., Skoug, R., Spurgeon, W., Stecklein, T., Storms,
S., Urdiales, C., Valek, P., van Beek, J. T. M., Weidner, S. E., Wu¨est, M.,
Young, M. K., and Zinsmeyer, C., “Medium energy neutral atom (MENA) im-
ager for the IMAGE mission,” Space Science Reviews , Vol. 91, No. 1-2, 2000,
pp. 113–154.
[37] Keith, D. W., Schattenburg, M. L., Smith, H. I., and Pritchard, D. E., “Diffrac-
tion of Atoms by a Transmission Grating,” Physical Review Letters , Vol. 61,
No. 14, Oct 1988, pp. 1580–1583.
[38] Rauch, H. and Werner, S. A., Neutron Interferometry: Lessons in Experimental
Quantum Mechanics , Oxford University Press, New York, NY, 2000.
[39] David, C., Bruder, J., Rohbeck, T., Grunzweig, C., Kottler, C., Diaz, A.,
Bunk, O., and Pfeiffer, F., “Fabrication of diffraction gratings for hard X-ray
phase contrast imaging,” Microelectronic Engineering , Vol. 84, No. 5-8, 2007,
pp. 1172–1177.
[40] Ahn, M., Heilmann, R. K., and Schattenburg, M. L., “Fabrication of ultrahigh
aspect ratio freestanding gratings on silicon-on-insulator wafers,” Journal of
236
Vacuum Science & Technology B: Microelectronics and Nanometer Structures ,
Vol. 25, No. 6, 2007, pp. 2593–2597.
[41] Seidel, H., Csepregi, L., Heuberger, A., and Baumga¨rtel, H., “Anisotropic etch-
ing of crystalline silicon in alkaline solutions I. Orientation dependence and
behavior of passivation layers,” Journal of the electrochemical society , Vol. 137,
No. 11, 1990, pp. 3612–3626.
[42] Mitsuhiro, S., Kazuo, S., Kenji, T., and Daisuke, U., “Differences in anisotropic
etching properties of {KOH} and {TMAH} solutions,” Sensors and Actuators
A: Physical , Vol. 80, No. 2, 2000, pp. 179–188.
[43] Ahn, M., Fabrication of critical-angle transmission gratings for high efficiency
x-ray spectroscopy , Doctoral thesis, Massachusetts Institute of Technology, De-
partment of Mechanical Engineering, February 2009.
[44] Heilmann, R. K., Ahn, M., Bruccoleri, A., Chang, C.-H., Gullikson, E. M.,
Mukherjee, P., and Schattenburg, M. L., “Diffraction efficiency of 200-nm-
period critical-angle transmission gratings in the soft x-ray and extreme ultra-
violet wavelength bands,” Applied Optics , Vol. 50, No. 10, Apr 2011, pp. 1364–
1373.
[45] Lau, H. W., Parker, G. J., and Greef, R., “High aspect ratio silicon pillars
fabricated by electrochemical etching and oxidation of macroporous silicon,”
Thin Solid Films , Vol. 276, No. 1-2, April 1996, pp. 29–31.
[46] Kovacs, G. T. A., Maluf, N. I., and Petersen, K. E., “Bulk micromachining of
silicon,” Proc. IEEE , Vol. 86, No. 8, 1998, pp. 1536–1551.
[47] Blauw, M. A., Zijlstra, T., Bakker, R. A., and van der Drift, E., “Kinetics
and crystal orientation dependence in high aspect ratio silicon dry etching,”
Journal of Vacuum Science & Technology B: Microelectronics and Nanometer
Structures , Vol. 18, No. 6, Nov. 2000, pp. 3453–3461.
237
[48] Zijlstra, T., van der Drift, E., de Dood, M. J. A., Snoeks, E., and Polman,
A., “Fabrication of two-dimensional photonic crystal waveguides for 1.5 μm in
silicon by deep anisotropic dry etching,” Journal of Vacuum Science & Technol-
ogy B: Microelectronics and Nanometer Structures , Vol. 17, No. 6, Nov. 1999,
pp. 2734–2739.
[49] Rangelow, I. W., “Critical tasks in high aspect ratio silicon dry etching for
microelectromechanical systems,” Journal of Vacuum Science & Technology A:
Vacuum, Surfaces, and Films , Vol. 21, No. 4, July 2003, pp. 1550–1562.
[50] Wu, B., Kumar, A., and Pamarthy, S., “High aspect ratio silicon etch: A
review,” Journal of Applied Physics , Vol. 108, No. 5, Sept. 2010, pp. 051101.
[51] Figueroa, R. F., Spiesshoefer, S., Burkett, S. L., and Schaper, L., “Control of
sidewall slope in silicon vias using SF6/O2 plasma etching in a conventional
reactive ion etching tool,” Journal of Vacuum Science & Technology B: Micro-
electronics and Nanometer Structures , Vol. 23, No. 5, 2005, pp. 2226.
[52] Bhardwaj, J., Ashraf, H., and McQuarrie, A., “Dry silicon etching for MEMS,”
Vol. 97-5 of Proceedings of the Third International Symposium on Microstruc-
tures and Microfabricated Systems III , Electrochemical Society Inc, 1997, pp.
118–130.
[53] Walker, M. J., “Comparison of Bosch and cryogenic processes for patterning
high-aspect-ratio features in silicon,” Society of Photo-Optical Instrumentation
Engineers (SPIE) Conference Series , edited by U. F. Behringer and D. G. Ut-
tamchandani, Vol. 4407 of Society of Photo-Optical Instrumentation Engineers
(SPIE) Conference Series , April 2001, pp. 89–99.
[54] Keller, J. H., “Inductive plasmas for plasma processing,” Plasma Sources Sci-
ence Technology , Vol. 5, No. 2, May 1996, pp. 166–172.
[55] Morton, K. J., Nieberg, G., Bai, S., and Chou, S. Y., “Wafer-scale patterning
of sub-40 nm diameter and high aspect ratio (> 50 : 1) silicon pillar arrays
238
by nanoimprint and etching,” Nanotechnology , Vol. 19, No. 34, Aug. 2008,
pp. 345301.
[56] Li, Q., Zhang, L., Chen, M., and Fan, S., “A process study of electron beam
nano-lithography and deep etching with an ICP system,” Science in China
Series E: Technological Sciences , Vol. 52, No. 6, 2009, pp. 1665–1671.
[57] Chang, Y.-F., Chou, Q.-R., Lin, J.-Y., and Lee, C.-H., “Fabrication of high-
aspect-ratio silicon nanopillar arrays with the conventional reactive ion etching
technique,” Applied Physics A: Materials Science & Processing , Vol. 86, No. 2,
Feb. 2007, pp. 193–196.
[58] Chabloz, M., Sakai, Y., Matsuura, T., and Tsutsumi, K., “Improvement of
sidewall roughness in deep silicon etching,” Microsystem Technologies , Vol. 6,
No. 3, 2000, pp. 86–89.
[59] Mukherjee, P., Bruccoleri, A., Heilmann, R. K., Schattenburg, M. L., Kaplan,
A., and Guo, L., “Plasma etch fabrication of 60:1 aspect ratio silicon nanograt-
ings with 200 nm pitch,” Journal of Vacuum Science & Technology B: Micro-
electronics and Nanometer Structures , Vol. 28, No. 6, 2010, pp. C6P70–C6P75.
[60] Matsui, S., Moriwaki, K., Aritome, H., Namba, S., Shin, S., and Suga, S.,
“X-ray diffraction gratings for synchrotron radiation spectroscopy: a new fab-
rication method,” Applied Optics , Vol. 21, No. 15, Aug. 1982, pp. 2787–2793.
[61] Solak, H. H., He, D., Li, W., Singh-Gasson, S., Cerrina, F., Sohn, B. H., Yang,
X. M., and Nealey, P., “Exposure of 38 nm period grating patterns with ex-
treme ultraviolet interferometric lithography,” Applied Physics Letters , Vol. 75,
No. 15, Oct. 1999, pp. 2328–2330.
[62] Schattenburg, M. L., Anderson, E. H., and Smith, H. I., “X-ray/VUV transmis-
sion gratings for astrophysical and laboratory applications,” Physica Scripta ,
Vol. 41, No. 1, Jan. 1990, pp. 13–20.
239
[63] Schattenburg, M. L., “From nanometers to gigaparsecs: The role of nanostruc-
tures in unraveling the mysteries of the cosmos,” Journal of Vacuum Science &
Technology B: Microelectronics and Nanometer Structures , Vol. 19, No. 6, Nov.
2001, pp. 2319–2328.
[64] Paerels, F., “X-ray Diffraction Gratings for Astrophysics,” Space Science Re-
views , Vol. 157, No. 1-4, 2010, pp. 15–24.
[65] Savas, T. A., Schattenburg, M. L., Carter, J. M., and Smith, H. I., “Large-area
achromatic interferometric lithography for 100 nm period gratings and grids,”
Journal of Vacuum Science & Technology B: Microelectronics and Nanometer
Structures , Vol. 14, No. 6, Nov. 1996, pp. 4167–4170.
[66] Savas, T. A., Shah, S. N., Schattenburg, M. L., Carter, J. M., and Smith, H. I.,
“Achromatic interferometric lithography for 100-nm-period gratings and grids,”
Journal of Vacuum Science & Technology B: Microelectronics and Nanometer
Structures , Vol. 13, No. 6, Nov. 1995, pp. 2732–2735.
[67] Vincent, G., Collin, S., Bardou, N., Pelouard, J.-L., and Ha¨ıdar, R., “Large-
area dielectric and metallic freestanding gratings for midinfrared optical filtering
applications,” Journal of Vacuum Science & Technology B: Microelectronics and
Nanometer Structures , Vol. 26, No. 6, 2008, pp. 1852–1855.
[68] Song, I.-H., Peter, Y.-A., and Meunier, M., “Smoothing dry-etched microstruc-
ture sidewalls using focused ion beam milling for optical applications,” Journal
of Micromechanics and Microengineering , Vol. 17, No. 8, Aug. 2007, pp. 1593–
1597.
[69] Amin, T., Huda, M., Tulip, J., and Jager, W., “Sidewall roughness control in
deep reactive ion etch process for micromachined Si devices,” Electrical Com-
puter Engineering (ICECE), 2012 7th International Conference on , 2012, pp.
82–85.
240
[70] Defforge, T., Song, X., Gautier, G., Tillocher, T., Dussart, R., Kouassi, S., and
Tran-Van, F., “Scalloping removal on DRIE via using low concentrated alkaline
solutions at low temperature,” Sensors and Actuators A: Physical , Vol. 170,
No. 1-2, 2011, pp. 114–120.
[71] Defforge, T., Coudron, L., Gautier, G., Kouassi, S., Vervisch, W., Tran van, F.,
and Ventura, L., “Effect of low temperature and concentration KOH etching on
high aspect ratio silicon structures,” Physica Status Solidi C Current Topics ,
Vol. 8, No. 6, June 2011, pp. 1815–1819.
[72] Mackay, R. E., Lionis, N., and Le, H. R., “3D surface topography and reflec-
tivity of anisotropic etched silicon micromirrors for BioMEMS,” Microsystem
Technologies , Vol. 17, No. 12, Dec. 2011, pp. 1763–1770.
[73] Sung-Sik, Y., Sung-Keun, Y., and Jong-Hyun, L., “Fabrication of vertical op-
tical plane using DRIE and KOH crystalline etching of (1 1 0) silicon wafer,”
Sensors and Actuators A: Physical , Vol. 128, No. 2, 2006, pp. 387–394.
[74] Jeong, D.-H., Yun, S.-S., Lee, M.-L., Hwang, G., Choi, C.-A., and Lee, J.-H.,
“Novel Micro Capacitive Inclinometer with Oblique Comb Electrode and Sus-
pension Spring Aligned Parallel to {111} Vertical Planes of (110) Silicon,” Mi-
cro Electro Mechanical Systems, 2009. MEMS 2009. IEEE 22nd International
Conference on , Jan., pp. 797–800.
[75] Jeong, D.-H., Yun, S.-S., Lee, B.-G., Lee, M.-L., Choi, C.-A., and Lee, J.-H.,
“High-Resolution Capacitive Microinclinometer With Oblique Comb Electrodes
Using (110) Silicon,” Microelectromechanical Systems, Journal of , Vol. 20,
No. 6, Dec., pp. 1269–1276.
[76] Agarwal, R., Samson, S., and Bhansali, S., “Fabrication of vertical mirrors
using plasma etch and KOH:IPA polishing,” Journal of Micromechanics and
Microengineering , Vol. 17, No. 1, Jan. 2007, pp. 26–35.
241
[77] Agarwal, R., Samson, S., Kedia, S., and Bhansali, S., “Fabrication of Inte-
grated Vertical Mirror Surfaces and Transparent Window for Packaging MEMS
Devices,” Microelectromechanical Systems, Journal of , Vol. 16, No. 1, Feb.,
pp. 122–129.
[78] Chemoul, B., Louaas, E., Roux, P., Schmitt, D., and Pourcher, M., “Ariane 5
flight environments,” Acta Astronautica , Vol. 48, No. 5-12, 2001, pp. 275–285.
[79] NASA, “IXO Systems Definition Document,” Website, May 2013, http://ixo.
gsfc.nasa.gov/RFI2/Supplemental/IXO-Systems-Definition.pdf .
[80] Namazu, T., Isono, Y., and Tanaka, T., “Nano-scale bending test of Si beam for
MEMS,” Micro Electro Mechanical Systems, 2000. MEMS 2000. The Thirteenth
Annual International Conference on , 2000, pp. 205–210.
[81] Madou, M., Fundamentals of Microfabrication , CRC Press, Boca Raton, FL,
1997.
[82] Beer, F. P., Johnston, E. R. J., and DeWolf, J. T., Mechanics of Materials in
SI Units , Mcgraw-Hil, New York, NY, 2005.
[83] Bathe, K.-J., Finite Element Procedures , No. 1, Klaus-Ju¨rgen Bathe, formerly
Prentice Hall, Pearson Education, Inc., United States of America, 2006.
[84] Adina R and D, Inc, Website, “Adina Solids and Structures,” Website, Jun
2011, http://www.adina.com/adina-structures.shtml.
[85] Loffe Physico-Technical Institute, “New Semiconductor Materials. Character-
istics and Properties, Semiconductors, Silicon,” Website, Jun 2011, http:
//www.ioffe.rssi.ru/SVA/NSM/Semicond/Si/.
[86] Williams, K., Gupta, K., and Wasilik, M., “Etch rates for micromachining
processing-Part II,” Microelectromechanical Systems, Journal of , Vol. 12, No. 6,
2003, pp. 761–778.
242
[87] Henry, M. D., Walavalkar, S., Homyk, A., and Scherer, A., “Alumina etch
masks for fabrication of high-aspect-ratio silicon micropillars and nanopillars,”
Nanotechnology , Vol. 20, No. 25, June 2009, pp. 255305.
[88] Grenci, G., Della Giustina, G., Pozzato, A., Zanchetta, E., Tormen, M., and
Brusatin, G., “Negative hybrid sol-gel resist as hard etching mask for pattern
transfer with dry etching,” Microelectron. Eng., Vol. 98, Oct. 2012, pp. 134–137.
[89] Mondol, M. K., “MIT’s Scanning-Electron-Beam Lithography Facility, Facility
Procedures,” Website, May 2013, http://www.rle.mit.edu/sebl/facility_
procedures.htm.
[90] Menon, R., Patel, A., Gil, D., and Smith, H. I., “Maskless lithography,” Mate-
rials Today , Vol. 8, No. 2, 2005, pp. 26–33.
[91] Carter, J. M., Fleming, R. C., Savas, T. A., Walsh, M. E., OReilly, T. B., Schat-
tenburg, M. L., and Smith, H. I., “Interference Lithography,” Massachusetts In-
stitute of Technology, MTL Annual Report 2003, 2003, Submicron and Nanome-
ter Structures.
[92] Konkola, P., Design and Analysis of a Scanning Beam Interference Lithogra-
phy System for Patterning Gratings with Nanometer-Level Distortion , Doctoral
thesis, Massachusetts Institute of Technology, Department of Mechanical Engi-
neering, June 2003.
[93] Ferrera, J., Schattenburg, M. L., and Smith, H. I., “Analysis of distortion in
interferometric lithography,” Journal of Vacuum Science & Technology B: Mi-
croelectronics and Nanometer Structures , Vol. 14, No. 6, Nov. 1996, pp. 4009–
4013.
[94] Samukawa, S. and Mukai, T., “High-performance silicon dioxide etching for less
than 0.1-μm-high-aspect contact holes,” Journal of Vacuum Science & Tech-
nology B: Microelectronics and Nanometer Structures , Vol. 18, No. 1, 2000,
pp. 166–171.
243
[95] Chen, W., Morikawa, Y., Itoh, M., Hayashi, T., Sugita, K., Shindo, H., and
Uchida, T., “Very uniform and high aspect ratio anisotropy SiO2 etching pro-
cess in magnetic neutral loop discharge plasma,” Journal of Vacuum Science
& Technology A: Vacuum, Surfaces, and Film , Vol. 17, No. 5, Sept. 1999,
pp. 2546–2550.
[96] Wolf, S. and Tauber, R. N., Silicon Processing for the VLSI Era , Vol. 1, Lattice
Press, Sunset Beach, CA, 1986.
[97] Rueger, N. R., Beulens, J. J., Schaepkens, M., Doemling, M. F., Mirza, J. M.,
Standaert, T. E. F. M., and Oehrlein, G. S., “Role of steady state fluorocarbon
films in the etching of silicon dioxide using CHF3 in an inductively coupled
plasma reactor,” Journal of Vacuum Science & Technology A: Vacuum, Sur-
faces, and Films , Vol. 15, No. 4, July 1997, pp. 1881–1889.
[98] Joubert, O., Oehrlein, G. S., and Surendra, M., “Fluorocarbon high density
plasma. VI. Reactive ion etching lag model for contact hole silicon dioxide
etching in an electron cyclotron resonance plasma,” Journal of Vacuum Science
& Technology A: Vacuum, Surfaces, and Films , Vol. 12, No. 3, May 1994,
pp. 665–670.
[99] Marra, D. C. and Aydil, E. S., “Effect of H2 addition on surface reactions during
CF4/H2 plasma etching of silicon and silicon dioxide films,” Journal of Vacuum
Science & Technology A: Vacuum, Surfaces, and Films , Vol. 15, No. 5, Sept.
1997, pp. 2508–2517.
[100] Oehrlein, G. S., Matsuo, P. J., Doemling, M. F., Rueger, N. R., Kastenmeier,
B. E. E., Schaepkens, M., Standaert, T., and Beulens, J. J., “Study of plasma
- surface interactions: chemical dry etching and high-density plasma etching,”
Plasma Sources Science Technology , Vol. 5, No. 2, May 1996, pp. 193–199.
[101] Butterbaugh, J. W., Gray, D. C., and Sawin, H. H., “Plasma-surface interac-
tions in fluorocarbon etching of silicon dioxide,” Journal of Vacuum Science &
244
Technology B: Microelectronics and Nanometer Structures , Vol. 9, No. 3, May
1991, pp. 1461–1470.
[102] Chae, H., Vitale, S. A., and Sawin, H. H., “Silicon dioxide etching yield mea-
surements with inductively coupled fluorocarbon plasmas,” Journal of Vacuum
Science & Technology A: Vacuum, Surfaces, and Films , Vol. 21, No. 2, 2003,
pp. 381–387.
[103] Pavius, M., Hibert, C., Fluckiger, P., Renaud, P., Rolland, L., and Puech,
M., “Profile angle control in SiO2 deep anisotropic dry etching for MEMS fab-
rication,” Micro Electro Mechanical Systems, 2004. 17th IEEE International
Conference on. (MEMS), 2004, pp. 669–672.
[104] Schaepkens, M., Bosch, R. C. M., Standaert, T. E. F. M., Oehrlein, G. S., and
Cook, J. M., “Influence of reactor wall conditions on etch processes in induc-
tively coupled fluorocarbon plasmas,” Journal of Vacuum Science & Technology
A: Vacuum, Surfaces, and Films , Vol. 16, No. 4, 1998, pp. 2099–2107.
[105] Handoo, A. K. and Ray, P. K., “Sputtering yield of chromium by argon and
xenon ions with energies from 50 to 500 eV,” Applied Physics A: Materials
Science & Processing , Vol. 54, No. 1, Jan. 1992, pp. 92–94.
[106] Kwon, K.-H., Kang, S.-Y., Park, S.-H., Sung, H.-K., Kim, D.-K., and Moon,
J.-H., “Additive oxygen effects in Cl2 plasma etching of chrome films,” Jour-
nal of Materials Science Letters , Vol. 18, No. 15, 1999, pp. 1197–1200,
10.1023/A:1006642016630.
[107] Chang, C.-H., Zhao, Y., Heilmann, R. K., and Schattenburg, M. L., “Fabrica-
tion of 50 nm period gratings with multilevel interference lithography,” Optics
Letters , Vol. 33, No. 14, 2008, pp. 1572–1574.
[108] Tanaka, T., Morigami, M., and Atoda, N., “Mechanism of Resist Pattern
Collapse during Development Process,” Japanese Journal of Applied Physics ,
Vol. 32, No. Part 1, No. 12B, 1993, pp. 6059–6064.
245
[109] Ghadarghadr, S., Fucetola, C. P., Lee Cheong, L., E. Moon, E., and I. Smith,
H., “3D nanostructures by stacking pre-patterned fluid-supported single-crystal
Si membranes,” Journal of Vacuum Science & Technology B: Microelectronics
and Nanometer Structures , Vol. 29, No. 6, 2011, pp. 06F401–06F401–3.
[110] Vargaftik, N. B., Filippov, L. P., Tarzimanov, A. A., and Totskii, E. E., Hand-
book of thermal conductivity of liquids and gases , CRC Press, Inc, Boca Raton,
Florida, 1994.
[111] Glassbrenner, C. J. and Slack, G. A., “Thermal Conductivity of Silicon and
Germanium from 3◦K to the Melting Point,” Physical Review , Vol. 134, No. 4A,
May 1964, pp. A1058–A1069.
[112] Laermer, F. and Urban, A., “Challenges, developments and applications of
silicon deep reactive ion etching,” Microelectron. Eng., Vol. 67-68, No. 1, June
2003, pp. 349–355.
[113] McAuley, S. A., Ashraf, H., Atabo, L., Chambers, A., Hall, S., Hopkins, J.,
and Nicholls, G., “Silicon micromachining using a high-density plasma source,”
Journal of Physics D: Applied Physics , Vol. 34, No. 18, Sept. 2001, pp. 2769–
2774.
[114] Ahn, M., Heilmann, R. K., and Schattenburg, M. L., “Fabrication of 200 nm
period blazed transmission gratings on silicon-on-insulator wafers,” Journal of
Vacuum Science & Technology B: Microelectronics and Nanometer Structures ,
Vol. 26, No. 6, 2008, pp. 2179–2182.
[115] 3M, “3M TM Novec TM 7300 Engineered Fluid,” Website, May
2013, http://multimedia.3m.com/mws/mediawebserver?mwsId=
SSSSSufSevTsZxtUmxmeox_xevUqevTSevTSevTSeSSSSSS--&fn=prodinfo_
nvc7300.pdf.
[116] Habraken, F. H. P. M., Kuiper, A. E. T., Oostrom, A. V., Tamminga, Y.,
and Theeten, J. B., “Characterization of low-pressure chemical-vapor-deposited
246
and thermally-grown silicon nitride films,” Journal of Applied Physics , Vol. 53,
No. 1, Jan. 1982, pp. 404–415.
[117] Ho¨lke, A. and Thurman Henderson, H., “Ultra-deep anisotropic etching of (110)
silicon,” Journal of Micromechanics and Microengineering , Vol. 9, No. 1, March
1999, pp. 51–57.
[118] Shimura, F., “Single-Crystal Silicon: Growth and Properties,” Springer Hand-
book of Electronic and Photonic Materials , edited by S. Kasap and P. Capper,
Springer US, 2007, pp. 255–269.
[119] Sumino, K., Harada, H., and Yonenaga, I., “The Origin of the Difference in
the Mechanical Strengths of Czochralski-Grown Silicon and Float-Zone-Grown
Silicon,” Japanese Journal of Applied Physics , Vol. 19, No. 1, 1980, pp. L49–
L52.
[120] Clark, P. G., Olson, E. D., and Kofuse, H., “The Use of Segregated Hydroflu-
oroethers as Cleaning Agents in Electronic Packaging Applications,” Interna-
tional Conference on Soldering and Reliability, Toronto, Ontario, Canada, May
2009.
[121] Chen, L.-Q., Zhang, X., Zhang, T.-Y., Lin, H. Y., and Lee, S., “Micro-Raman
Spectral Analysis of the Subsurface Damage Layer in Machined Silicon Wafers,”
Journal of Materials Research , Vol. 15, No. 7, July 2000, pp. 1441–1444.
[122] Del Grosso, V. A. and Mader, C. W., “Speed of Sound in Pure Water,” The
Journal of the Acoustical Society of America , Vol. 52, No. 5B, 1972, pp. 1442–
1446.
[123] Crawford, A. E., “A practical introduction to ultrasonic cleaning,” Ultrasonics ,
Vol. 1, No. 2, 1963, pp. 65–69.
[124] Arianespace, “Ariane 5 User’s Manual Issue 5 Revision 1 July 2011,” Web-
site, May 2013, http://www.arianespace.com/launch-services-ariane5/
Ariane5_users_manual_Issue5_July2011.pdf.
247
[125] Watanabe, H., Yamada, N., and Okaji, M., “Linear Thermal Expansion Coeffi-
cient of Silicon from 293 to 1000 K,” International Journal of Thermophysics ,
Vol. 25, No. 1, 2004, pp. 221–236.
[126] Burge, J. H., “Structural Materials,” Website, May 2013, http:
//fp.optics.arizona.edu/optomech/Fall12/Notes/19%20Mechanical%
20materials.pdf.
[127] Saint-Gobain Ceramics, “Hexoloy Physical Properties,” Website, May 2013,
http://www.hexoloy.com/hexoloy-sic-physical-properties .
[128] Aperam, “Aperam Data Sheets, Cold Rolled Strip, Invar,” Website,
May 2013, http://www.aperam.com/alloysandspecialities/fileadmin/
pdf/Aperam/datasheets/STRIPS_INVAR.pdf.
[129] Masterbond, “Technical Data Sheet, Master Bond Polymer System EP30LTE-
LO,” Website, May 2013, http://www.masterbond.com/tds/ep30lte-lo.
[130] Boettge, B., Braeuer, J., Wiemer, M., Petzold, M., Bagdahn, J., and Gessner,
T., “Fabrication and characterization of reactive nanoscale multilayer systems
for low-temperature bonding in microsystem technology,” Journal of Microme-
chanics and Microengineering , Vol. 20, No. 6, June 2010, pp. 064018.
[131] Baskar, K., Shanmugam, N., and Thevendran, V., “Finite-Element Analysis
of Steel–Concrete Composite Plate Girder,” Journal of Structural Engineering ,
Vol. 128, No. 9, 2002, pp. 1158–1168.
[132] Ayoub, A. and Filippou, F. C., “Mixed Formulation of Nonlinear Steel-Concrete
Composite Beam Element,” Journal of Structural Engineering , Vol. 126, No. 3,
2000, pp. 371–381.
[133] Wadley, H. N., Fleck, N. A., and Evans, A. G., “Fabrication and structural per-
formance of periodic cellular metal sandwich structures,” Composites Science
and Technology , Vol. 63, No. 16, 2003, pp. 2331–2343, Porous Materials.
248
[134] Gupta, A. K., “A finite element for transition from a fine to a coarse grid,”
International Journal for Numerical Methods in Engineering , Vol. 12, No. 1,
1978, pp. 35–45.
[135] Bathe, K.-J., Lee, N.-S., and Bucalem, M. L., “On the use of hierarchical mod-
els in engineering analysis,” Computer Methods in Applied Mechanics and En-
gineering , Vol. 82, No. 1-3, 1990, pp. 5–26, Proceedings of the Workshop on
Reliability in Computational Mechanics.
249
